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Zu  diesem  Bande 

Die  beiden  Bände  über  die  Verhandlungen  des  Ornithologenkongresses,  die  ich  hier 
vorlege,  tragen  einen  lateinischen  Titel,  mit  dem  der  internationale  Charakter  dieser 
Veröffentlichung  unterstrichen  werden  soll.  Gemäß  dem  Sprachgebrauch  der  Gastge¬ 
ber  ist  der  Bericht  über  die  Vorbereitungen  und  den  Verlauf  des  Kongresses  deutsch 
abgefaßt.  Der  allgemeine  Teil  ist,  wo  notwendig,  mit  englischen  Untertiteln  versehen, 
die  Vorträge  und  Kurzfassungen  sind  in  der  Sprache  wiedergegeben,  die  der  jeweilige 
Autor  gewählt  hat. 

Der  Umfang  der  Veröffentlichung  ergab  sich  aus  dem  Zugeständnis  beliebigen 
Druckraumes  an  die  Plenarvortragenden  und  von  fünf  Druckseiten  für  jeden  Sympo¬ 
sionsbeitrag.  183  Symposionsbeiträge  erforderten  dann  doch  1100  Seiten.  Die  Kurzfas¬ 
sungen  der  Tafelvorträge  sind  aus  Kostengründen  unverändert  in  der  während  des 
Kongresses  vorgelegten  Form  und  mit  den  darin  enthaltenen  Mängeln  übernommen. 
Die  Kurzfassungen  der  Gruppengespräche  sind  mit  unverändertem  Text  neu  gesetzt. 
Die  Titel  und  die  Inhaltsangaben  der  Filme  entsprechen  dem  Filmprogramm. 

Die  übersichtliche  Anordnung  von  Beiträgen  der  verschiedensten  Richtungen 
bedingt  Kompromisse.  Themenverwandte  Symposia  sind  hintereinandergestellt  (siehe 
auch  Seite  176).  Ein  ausführliches  Inhaltsverzeichnis  steht  hinter  diesem  Vorwort.  Mit 
einem  alphabetischen  Verzeichnis  aller  Autoren  (ohne  die  Titel  ihrer  Beiträge)  und 
einem  Index  der  wissenschaftlichen  Vogelnamen  am  Schluß  des  zweiten  Bandes  habe 
ich  versucht,  den  Stoff  zugänglicher  zu  machen.  Der  Übersichtlichkeit  nicht  dienlich  ist 
die  Zerlegung  der  Verhandlungen  in  zwei  Bände,  doch  wäre  ein  Band  mit  fast 
1500  Seiten  unhandlich  und  wenig  haltbar  gewesen. 

Die  Manuskripte  der  Beiträge  zu  den  einzelnen  Symposia  sind  von  den  jeweiligen 
Symposionsleitern  gelesen  und  gegebenenfalls  bearbeitet  worden  —  so  wurde  mir 
jedenfalls  versichert.  Den  größeren  Teil  der  Manuskripte  und  die  betreffenden  Korrek¬ 
turfahnen  haben  Dr.  George  A.  Clark  und  Dr.  David  Snow  gelesen,  die  deutschspra¬ 
chigen  Dr.  Dieter  Peters.  Weitere  Korrekturen  englischsprachiger  Fahnen  haben 
Prof.  H.-R.  Duncker,  Prof.  Klaus  Immelmann  und  Dr.  Peters  vorgenommen.  Ihnen 
allen  schulde  ich  Dank  für  ihre  Hilfe,  außerdem  Dr.  Snow  für  seine  liebenswürdigen 
und  stets  wohlbegründeten  Ratschläge  und  meiner  Sekretärin,  Fräulein  Regine  Damm, 
für  ihre  vielseitige  Mitarbeit.  Die  Umbruchkorrekturen  habe  ich  sämtlich  selbst  vorge¬ 
nommen  und  mich  dabei  zuweilen  gefragt:  quis  leget  haec? 

Die  Herausgabe  der  Verhandlungen  war  nur  möglich  durch  die  finanzielle  Hilfe  der 
Stiftung  Deutsche  Klassenlotterie  Berlin.  Für  diese  großzügige  Förderung  einer  inter¬ 
nationalen  Publikation  sind  wir  dem  Stiftungsrat  und  Herrn  Direktor  Franz  Ehrke  zu 
großem  Dank  verpflichtet. 

Ein  Wechsel  der  Druckerei  während  des  Absetzens  der  Manuskripte,  aber  auch 
andere  sachliche  und  persönliche  Schwierigkeiten  haben  das  Erscheinen  der  Verhand¬ 
lungen  über  Gebühr  verzögert.  Soweit  ich  dafür  verantwortlich  bin,  bitte  ich  um  die 
Nachsicht  der  Autoren  und  Leser. 


Berljn,  im  Oktober  1980 


Rolf  Nöhring 
Generalsekretär 
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Der  XVII.  Internationale  Ornithologen-Kongreß  in  Berlin 

Rolf  Nöhring 

Vorbereitungen 

Weit  über  ein  halbes  Jahrhundert  sei  verstrichen,  seit  ein  Internationaler  Ornitholo¬ 
gen-Kongreß  in  Deutschland  abgehalten  wurde,  und  die  Deutsche  Ornithologen- 
Gesellschaft  befinde  sich  tief  in  der  Schuld  aller  früheren  Gastgeber  —  damit  empfahl 
Günther  Niethammer  beim  Ausscheiden  aus  dem  Präsidentenamt  der  DO-G  seinem 
Nachfolger,  in  Canberra  eine  Einladung  auszusprechen. 

Dort  nahm  das  Internationale  Ornithologische  Komitee  die  Einladung  nach 
Deutschland  an  und  wählte  Herrn  Prof.  Dr.  Donald  S.  Earner  aus  Seattle,  Washing¬ 
ton,  U.S.A.,  zum  Präsidenten.  Die  deutschen  Mitglieder  dieses  Komitees  ernannten 
mich  zum  General-Sekretär,  und  ich  bestimmte  Berlin  zum  Tagungsort,  auf  die  Hilfe 
der  Stadtväter  und  des  Zoologischen  Gartens  vertrauend,  der  schon  1910  den  V.  Inter¬ 
nationalen  Ornithologen-Kongreß  beherbergt  und  nachhaltig  gefördert  hatte. 

Der  Präsident  berief  einen  Ausschuß  für  das  Wissenschaftliche  Programm,  der  — 
die  neuen  Statuten  vorwegnehmend  —  je  zur  Hälfte  aus  Vertretern  des  Gastlandes  und 
aus  Ornithologen  anderer  Länder  bestand.  Herr  Prof.  Dr.  Klaus  Immelmann  über¬ 
nahm  dessen  Vorsitz  und  wurde  bald  zum  Spiritus  rector  des  Wissenschaftlichen  Pro¬ 
grammes.  Eür  das  Film-Programm  stellte  sich  Herr  Prof.  Dr.  Georg  Rüppell  zur  Ver¬ 
fügung.  Der  Generalsekretär  arbeitete  die  Exkursionen  aus. 

Ein  international  zusammengesetzter  Ausschuß  mußte  weniger  beweglich  sein  als  ein 
örtliches  Gremium.  Er  trat  darum  nur  dreimal  zusammen  und  stets  unvollständig.  Im 
Oktober  1975  wurden  in  Berlin  der  allgemeine  Programmablauf  festgelegt,  die  The¬ 
mata  der  Symposia  bestimmt  und  die  um  ihre  Mitwirkung  zu  bittenden  Plenarredner 
ausgewählt.  Im  September  1976  in  Kiel  ergänzte  der  Ausschuß  das  Programm  und 
legte  Ende  Februar  1978  in  Berlin  den  endgültigen  zeitlichen  und  räumlichen  Ablauf 
fest. 

Im  ersten  Quartal  1976  erschien  in  fast  allen  bedeutenden  ornithologischen  Zeit¬ 
schriften  eine  Erste  Ankündigung  des  Kongresses.  Die  daraufhin  eingehenden  Inter¬ 
essebekundungen  wurden  im  Dezember  1976  mit  einer  ausführlichen  Zweiten  Ankün¬ 
digung  beantwortet,  der  eine  Karte  für  eine  vorläufige  Anmeldung  beilag.  Hiermit 
meldeten  sich  1  093  Personen  zum  Kongreß  und  525  Personen  für  die  Exkursionen  vor 
(259)  und  nach  (266)  dem  Kongreß  an. 

Im  November  1977  wurde,  zusammen  mit  den  Unterlagen  für  eine  endgültige 
Anmeldung,  die  Dritte  und  Letzte  Ankündigung  verschickt.  Der  Generalsekretär  bot 
darin  seine  Hilfe  an  bei  der  Reservierung  von  Unterkünften  während  des  Kongresses  in 
Berlin.  Verkehrsämter  pflegen  Kongreßteilnehmer  über  die  ganze  Stadt  zu  verstreuen; 
wir  wollten  aber  unsere  Gäste  auch  außerhalb  der  Veranstaltungen  möglichst  nahe 
beieinander  sein  lassen,  um  so  persönliche  Verbindungen  knüpfen  oder  festigen  zu 
können. 

Es  meldeten  sich  780  Teilnehmer  endgültig  an,  633  Ordentliche  und  147  Außeror¬ 
dentliche  Mitglieder.  Davon  waren  73  Mitglieder  am  Erscheinen  verhindert.  Nach 
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ihrer  Herkunft  verteilten  sich  die  anwesenden  707  Mitglieder  auf  die  folgenden  38  (43) 
Länder  (in  Klammern  die  vorläufig  angemeldeten  Teilnehmer):  Argentinien  2  (4), 
Australien  23  (35),  Belgien  20  (24),  Bulgarien  0  (5),  Brasilien  4  (4),  Canal  Zone  1  (1), 
Costa  Rica  1  (0),  Dänemark  12  (26),  Bundesrepublik  Deutschland  235  (358),  Deutsche 
Demokratische  Republik  9  (6),  England  64  (74),  Finnland  6  (16),  Frankreich  22  (22), 
Holland  22  (35),  Hongkong  0  (1),  Indien  0  (7),  Indonesien  1  (6),  Iran  0  (1),  Irland  2 
(2),  Island  0  (1),  Israel  4  (5),  Italien  12  (16),  Japan  5  (4),  Jugoslawien  4  (3),  Kanada  26 
(40),  Kenia  0  (1),  Mexiko  0  (1),  Neuseeland  5  (20),  Norwegen  3  (4),  Österreich  11 
(19),  Papua-Neuguinea  2  (4),  Polen  4  (8),  Portugal  1  (1),  Rhodesien  0  (2),  Rumänien  2 
(0),  Sambia  1  (1),  Schweden  16  (28),  Schweiz  25  (37),  Senegal  2  (2),  Spanien  2  (8), 
Sowjetunion  4  (20),  Südafrika  11  (17),  Südwestafrika  0  (2),  Tschad  1  (2),  Tschecho¬ 
slowakei  4  (6),  Ungarn  0  (2),  Venezuela  5  (4),  Vereinigte  Staaten  von  Amerika  136 
(212). 

Ein  wesentlicher  Grund  für  den  großen  Unterschied  zwischen  der  angekündigten 
und  der  tatsächlichen  Teilnahme  am  Kongreß  lag  sicherlich  in  dem  stetig  sinkenden 
Wechselkurs  des  US-Dollars  von  etwa  DM  2,50  im  Jahre  1976  auf  knapp  DM  2,00  bei 
Anmeldeschluß  am  1.  März  1978;  dadurch  waren  die  Kosten  für  Dollarbesitzer  um  ein 
Viertel  gestiegen.  Unabhängig  hiervon  mag  auch  mancher  Interessierte  die  erhofften 
Genehmigungen  oder  Kostenzuschüsse  nicht  erhalten  haben. 

Die  in  Berlin  eintreffenden  Teilnehmer  wurden  vom  Kongreßbüro  empfangen. 
Heute  ist  die  Meinung  weit  verbreitet,  Studenten  ließen  sich  nur  noch  gegen  hohe  Ver¬ 
gütung  für  die  sogenannten  Hilfsdienste  gewinnen,  wie  sie  solch  ein  Büro  verlangt. 
Herr  Prof.  Dietmar  Todt  degradierte  diese  Meinung  zum  Gerücht:  er  wußte  seine 
Schüler  für  diese  mühsame  und  für  die  Atmosphäre  einer  Zusammenkunft  so  wichtige 
Aufgabe  zu  begeistern.  Den  Damen  Elke  Brüser,  Henrike  Hultsch,  Elettra  Ron- 
CHi,  Sophie  Schröder-Bonhoff  und  Ute  von  Wendenburg  und  den  Herren  Fern 
Duvall,  Daniel  Escher-Gräub,  Dietmar  Heike  und  Bernd  Jänicke  danke  ich  für  ihre 
umsichtige  und  liebenswürdige  Betreuung  der  Teilnehmer.  Meine  Assistentin  Frau 
Ingeborg  Bujok  war  nicht  nur  für  finanzielle  Belange  verantwortlich;  sie  hatte  auch 
für  360  Teilnehmer  wunschgemäß  Unterkunft  bereitgestellt,  davon  für  über  200  in  vier 
nahe  beieinander  gelegenen  Hotels,  in  die  die  Gäste  vom  Kongreßbüro  weitergeleitet 
wurden. 

Die  Finanzierung  des  Kongresses  konnte  dank  der  großzügigen  Hilfe  des  Senates 
von  Berlin,  vertreten  durch  den  Senator  für  Wissenschaft  und  Forschung,  gesichert 
werden.  Die  Deutsche  Forschungsgemeinschaft  trug  auch  etwas  zu  den  Kongreßkosten 
bei,  verhinderte  aber  jede  Simultanübersetzung  (die  Eröffnungssitzung  konnte  den¬ 
noch  zweisprachig  gehört  werden).  Von  den  Ordentlichen  Mitgliedern  wurde  eine 
Kongreßgebühr  von  DM  300  erhoben,  die  Außerordentlichen  Mitglieder  bezahlten 
DM  80.  Einigen  Referenten  wurde  ein  Beitrag  zu  ihren  Reisekosten  gewährt.  Entschei¬ 
dende  materielle  und  personelle  Unterstützung  erfuhr  der  Kongreß  vom  Zoologischen 
Garten  Berlin;  dem  Aufsichtsrat  und  dessen  Vorsitzendem,  Herrn  Dietrich  von  Gru- 
NELius,  und  meinen  Kollegen  im  Vorstand,  Prof.  Dr.  Heinz-Georg  Klös  und  Dr. 
Hans  Frädrich,  sei  dafür  warmer  Dank  gesagt. 

Der  Kongreß  fand  in  der  Berliner  Kongreßhalle  statt,  einem  1957/58  nach  den  Plä¬ 
nen  des  amerikanischen  Architekten  Hugh  A.  Stubbins  errichteten  Bau,  in  dem  sich 
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Kühnheit  der  Konstruktion  mit  Anmut  der  Erscheinung  auf  das  Glücklichste  verbin¬ 
den.  Neben  dem  großen  Saal  für  die  Plenarsitzungen  und  Filmvorführungen  standen 
vier  Räume  für  die  gleichzeitig  abzuhaltenden  Symposia  und  ausreichend  Zimmer  für 
Gruppengespräche  und  Konferenzen  zur  Verfügung.  Die  141  Tafelvorträge  konnten 
geschlossen  in  einer  Halle  dargeboten  werden.  Die  Eingangshalle,  das  (nicht  von  allen 
Teilnehmern  gelobte)  Restaurant  und  vielerlei  Nebenräume  boten  Gelegenheit  zu  pri¬ 
vaten  Gesprächen.  Die  Kongreßhalle  ist  eingebettet  in  einen  großen  Park,  und  manche 
fachliche  Auseinandersetzung  fand  ihren  Ausklang  auf  Spaziergängen  durch  diese 
Anlagen.  Mindestens  der  auf  biologischem  Gebiet  tätige  Wissenschaftler  möchte  kei¬ 
neswegs  tagelang  künstlich  belüftet  und  belichtet  werden;  er  weiß  Sonnenschein  und 
den  Blick  auf  Wiesen  und  Bäume  auch  während  der  Kongreßarbeit  sehr  wohl  zu  schät¬ 
zen. 


Das  wissenschaftliche  Programm 

Die  Eröffnungssitzung  begann  am  Montag,  dem  5.  Juni,  10.00  Uhr,  im  Großen  Saal 
der  Kongreßhalle,  der  geschmückt  war  mit  den  Portraitbildnissen  der  beiden  bedeu¬ 
tendsten  Berliner  Ornithologen;  Oskar  Heinroth  und  Erwin  Stresemann.  Die  Deut¬ 
sche  Ornithologen-Gesellschaft  begrüßte  ihre  Gäste  durch  ihren  Präsidenten,  Herrn 
Prof.  Immelmann.  Herr  Senatsdirektor  Prof.  Hartmut  Jäckel  überbrachte  Willkom¬ 
men  und  Grüße  des  Senates  von  Berlin.  Der  Generalsekretär  erzählte  von  dem  Beginn 
der  Internationalen  Ornithologen-Kongresse  1884  in  Wien  und  1891  in  Budapest. 
Dann  erklärte  der  Präsident  des  Kongresses,  Herr  Prof.  Donald  S.  Farner,  mit  einer 
kurzen  Adresse  die  Verhandlungen  für  eröffnet  und  bat  Herrn  Prof.  Konrad  Lorenz 
zu  seiner  Gedächtnisrede  auf  Oskar  Heinroth,  die  in  diesem  Bande  auf  Seite  83  nach¬ 
zulesen  ist. 

Am  Montagnachmittag  setzte  die  vielfältige  Arbeit  des  Kongresses  ein  mit  acht 
gleichzeitig  ablaufenden  Veranstaltungen:  vier  Symposia  und  zwei  Gruppengespräche 
wurden  abgehalten,  das  Filmprogramm  und  die  Tafelvorträge  dargeboten.  Dabei  war 
Bedacht  darauf  gelegt,  verwandte  Themata  nicht  gleichzeitig  zu  behandeln.  Die 
dadurch  bedingte  Vielfalt  macht  einen  chronologischen  Bericht  über  den  Ablauf  des 
Kongresses  unsinnig.  Wer  sich  aus  historischen  oder  persönlichen  Gründen  für  das 
Neben-  und  Nacheinander  der  Veranstaltungen  interessiert,  findet  auf  den  Seiten 
1437—1442  dieses  Bandes  die  aus  dem  Programm  übernommenen  Tagesübersichten 
nachgedruckt.  Ich  beschränke  mich  auf  wenige  zusammenfassende  Bemerkungen. 

Jeder  Arbeitstag  begann  mit  einem  etwa  einstündigen  Plenarvortrag,  in  dem  der 
Wissensstand  eines  Fachgebietes  zusammengefaßt  oder  Entwicklungslinien  nachge¬ 
zeichnet  wurden.  Die  Plenarvorträge  wurden  nicht  diskutiert. 

Von  den  insgesamt  36  Symposia  mußten  je  vier  gleichzeitig  abgehalten  werden.  Über 
den  Inhalt  der  Vorträge  unterrichtete  eine  Broschüre  mit  198  Kurzfassungen.  Der  Prä¬ 
sident  und  der  Ausschuß  für  das  wissenschaftliche  Programm  hatten  die  Symposions¬ 
leiter  ausgewählt;  diese  Leiter  luden  ihrerseits  die  Redner  ihres  Symposions  ein.  Im 
Durchschnitt  trugen  etwa  fünf  Redner  pro  Symposion  vor.  Kein  Redner  konnte  aus 
eigener  Initiative,  also  ohne  Einladung,  auf  einem  Symposion  vortragen.  Es  ist  gegen 
dieses  System  eingewandt  worden,  der  einladende  Leiter  könne  Vortragende  mit  kon¬ 
troversen  Ansichten  (zur  Auffassung  des  Leiters  oder  zur  herrschenden  Meinung)  vor¬ 
sätzlich  ausschließen.  Selbst  wenn  in  Einzelfällen  solch  ein  Verdacht  gegeben  sein  mag. 
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so  Stehen  dem  doch  unübersehbare  Vorteile  gegenüber:  Von  der  Unbill  durch  jene 
Redner,  die  mit  vielen  Worten  nichts  oder  nur  sattsam  Bekanntes  zu  sagen  haben, 
bleibt  das  Auditorium  verschont.  Und;  Unter  engen  Fachkollegen  erreicht  die  Diskus¬ 
sion  ein  höheres  und  zuweilen  höchstes  Niveau.  Leider  kann  sich  von  den  Diskussionen 
in  diesem  Bande  kein  Niederschlag  finden. 

In  noch  höherem  Ausmaß  gilt  das  für  die  Gruppengespräche,  in  denen  Detailfragen, 
während  der  Symposia  nur  flüchtig  berührt,  im  gleichen  oder  kleineren  Kreis  vertieft 
wurden.  Diese  Gespräche  leben  von  der  spontanen  Äußerung,  die  sich  nicht  schriftlich 
festhalten  läßt.  So  steht  in  diesem  Bande  als  programmatische  Kurzfassung  nur,  was 
die  Initiatoren  gewollt  haben,  nicht  aber,  was  geschehen  ist. 

Vor  nicht  geringere  Schwierigkeiten  sieht  sich  der  Ghronist  gestellt,  wenn  er  über 
das  Filmprogramm  berichten  möchte.  So  wie  sich  akustisches  Geschehen  kaum  einem 
anderen  Sinnesorgan  als  dem  Ohr  eindeutig  vermitteln  läßt  —  was  in  den  Symposia 
zur  Bioakustik  immer  wieder,  wenn  auch  zuweilen  bewußt  bagatellisiert,  zum  Aus¬ 
druck  kam  — ,  so  läßt  sich  die  optische  Darbietung  nur  unzureichend  beschreiben.  Jene 
Filme,  die  in  schönen  Bildern  die  Eingriffe  des  Menschen  in  die  Natur  bewegt  beklagen 
und  auch  keinen  Ausweg  zeigen,  waren  erfreulich  gering  vertreten.  Meistens  verband 
sich  saubere,  zuweilen  künstlerische  Kameraführung  mit  klarer  wissenschaftlicher  Aus¬ 
sage.  Die  mühevolle  Auslese  aus  einem  sehr  umfangreichen  Material  hat  sich  gelohnt. 
Herrn  Prof.  Georg  Rüppell,  der  Auswahl,  Programm  und  Darbietung  allein  verant¬ 
wortete  und  bewältigte,  gebührt  Dank  und  Anerkennung. 

Neu  für  die  Internationalen  Ornithologen-Kongresse  waren  die  Tafelvorträge,  die 
sich  als  wertvoller  Teil  des  wissenschaftlichen  Programms  erwiesen  haben.  Hier  scheint 
sich  ein  eleganter  und  nutzbringender  Ausweg  aufzutun  aus  einigen  Schwierigkeiten, 
die  große  Kongresse  zunehmend  belasten.  Es  könnte  ein  Weg  sein  zurück  aus  dem 
Massenbetrieb  und  hin  zu  intensiven  Gesprächen  unter  wenigen  wirklich  Interessierten. 
Sehr  spezielle  Themata  können  hier  uneingeschränkt  besprochen  werden.  Der  in  der 
Diskussion  vor  einem  hundertköpfigen  Auditorium  mit  seiner  Frage  zögernde  Teilneh¬ 
mer  verliert  im  kleinen  Kreis  seine  —  zuweilen  auch  sprachlichen  —  Hemmungen. 
Aber  auch  der  Vortragende  ohne  Rednergabe  ist  seiner  Schwierigkeiten  enthoben.  Und 
schließlich:  Es  ist  begreiflich,  daß  Institute  und  Behörden  Urlaub  und  Zuschüsse  zum 
Kongreßbesuch  ihren  Mitarbeitern  nur  gewähren  wollen,  wenn  diese  die  Institutsarbeit 
in  einem  Vortrag  dem  Kongreß  vorstellen.  Dieser  Zwang  zum  Reden  kann  in  Form  des 
Tafelvortrages  ungünstigstenfalles  unschädlich  für  die  Zeit  und  Aufmerksamkeit  der 
Teilnehmer  abgeleitet  werden,  bei  kluger  Themenwahl  und  Beschränkung  auf  Kern¬ 
fragen  sich  aber  zu  einem  wertvollen  Beitrag  entwickeln.  Voraussetzung  ist  allerdings, 
daß  die  Institute  das  mancherorts  anzutreffende  törichte  Vorurteil  fahren  lassen,  ein 
Tafelvortrag  sei  kein  ernsthafter  Kongreßbeitrag.  Als  weitere  Voraussetzung  müssen 
die  Kongreßleiter  ausreichend  große,  gut  beleuchtete  und  vor  allem  ruhige  Räume  zur 
Verfügung  stellen.  Tafelvorträge  gehören  nicht  in  abgelegene  Flure  und  auch  nicht  wie 
Reklameplakate  zwischen  Fenster  und  Türen  einer  Durchgangshalle. 

Das  hier  kurz  skizzierte  wissenschaftliche  Programm  hat,  zusammen  mit  dem  Präsi¬ 
denten  und  dem  zuständigen  Ausschuß,  Herr  Prof.  Immelmann  entworfen  und  durch¬ 
geführt.  Für  seine  geistige  und  organisatorische  Leistung  und  für  seine  nie  erlahmende 
Umsicht  schuldet  der  Kongreß  ihm  großen  Dank. 
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Exkursionen  während  des  Kongresses 

An  fünf  Arbeitstagen  des  Kongresses  führten  wissenschaftliche  Zoomitarbeiter  mor¬ 
gens  vor  Beginn  der  Verhandlungen  durch  die  Vogelsammlung  des  Zoologischen  Gar¬ 
tens.  Diese  Führungen  fanden  ebenso  regen  Zuspruch  wie  die  von  Herrn  Hinrich 
Elvers  geleiteten  Morgenspaziergänge  durch  den  Tiergarten,  die  vor  allem  den  Teil¬ 
nehmern  aus  Übersee  Gelegenheit  geben  sollten  zum  ersten  Beobachten  der  häufigeren 
Parkvögel. 

Der  Donnerstag  (8.  Juni)  war  frei  von  wissenschaftlichen  Veranstaltungen.  Dieser 
Tag  sollte  zum  Atemholen  dienen  nach  und  vor  jeweils  drei  Kongreßtagen  mit  dichtge¬ 
drängtem  Programm,  zum  persönlichen  Gespräch  und  zum  Kennenlernen  der  Stadt. 
Er  sollte  aber  auch  ein  wenig  einführen  in  Berlin-typische  biologische  Fragen. 

Am  frühen  Donnerstagmorgen  um  3.30  Uhr  trafen  sich  die  Teilnehmer  auf  dem 
Wittenbergplatz  und  wurden  mit  Autobussen  zu  den  Zielen  ihrer  Morgenexkursionen 
gebracht:  in  den  Volkspark  Glienicke  unter  der  Leitung  von  Dr.  Hartmut  Ebenhöh,  m 
den  Botanischen  Garten  und  an  die  Grunewaldseen  (Dr.  Siegfried  Kanowski),  in  den 
Tegeler  Forst  (Jürgen  Hindemith  und  Hans-Günter  Wille),  an  das  Tegeler  Fließ 
(Dr.  Hans-Jürgen  Stork  und  Hans-Ulrich  Hoffmann),  zum  Teufelsberg  (Hinrich 
Elvers),  nach  Tiefwerder  und  Picheiswerder  (Dr.  Klaus  Witt  und  Dr.  Horst 
Kowalsky),  auf  die  Rieselfelder  in  Gatow  Qochen  Schwarz)  und  in  den  Spandauer 
Forst  (Dr.  Dieter  Westphal).  Die  Gesamtleitung  lag  in  den  Händen  von  Herrn  Dr. 
Witt.  Neben  einem  mehr  kursorischen  Blick  auf  die  hiesige  Ornis  wurden  den  Teil¬ 
nehmern  die  oekologischen  Gegebenheiten  in  einer  von  ihrer  Umgebung  radikal  abge¬ 
schnittenen  Stadt  vorgestellt. 

Am  Donnerstagvormittag  ließen  sich  etwa  300  Kongreßmitglieder  von  Herrn  Prof. 
Klös,  Herrn  Dr.  Frädrich  und  ihren  Assistenten  ausgiebig  durch  den  Zoologischen 
Garten  führen.  Außer  den  allmorgendlich  vorgestellten  Vogelsammlungen  fanden  die 
in  den  letzten  Jahren  errichteten  Gebäude  und  Gehege  für  Säugetiere  lebhaften 
Anklang. 

Die  in  der  seenartig  erweiterten  Havel  gelegene  Pfaueninsel  war  am  Donnerstag¬ 
nachmittag  das  Ziel  eines  Ausfluges,  der  mehr  als  200  Mitglieder  vereinte.  Eine  so  zahl¬ 
reich  besuchte  Unternehmung  fördert  naturgemäß  mehr  den  persönlichen  Kontakt. 
Dennoch  gelang  es  der  geschickten  Führung  der  Herren  Jürgen  Klawitter,  Dr.  Vic¬ 
tor  Wendland  und  Thomas  Gregor,  auch  ornithologische  Leckerbissen  vorzuzeigen, 
so  den  Zwergschnäpper  Ficedula  parva. 

Gesellige  Veranstaltungen 

Zu  einer  Vorführung  historischer  Tänze  hatte  der  Generalsekretär  am  Freitagabend 
(9.  Juni)  in  die  Kongreßhalle  eingeladen.  Das  Ensemble  Historischer  Tanz  Berlin, 
Hochschule  der  Künste,  stellte  in  einer  begeisternd  schönen  Aufführung  —  unter  der 
Leitung  von  Herrn  Prof.  Taubert  und  zusammen  mit  dem  Collegium  Instrumentale 
Berlin  —  Tänze  des  16.  bis  19.  Jahrhunderts  in  Originalkostümen  vor.  Die  stark 
besuchte  und  mit  lebhaftem  Beifall  aufgenommene  Veranstaltung  leitete  der  Generalse¬ 
kretär  ein  mit  Betrachtungen  über  den  Zusammenhang  von  Kultur  und  Wissenschaft. 
Er  definierte  Kultur  als  einen  zum  Überleben  nicht  notwendigen  Überschuß,  der  auf 
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bewußten  oder  unbewußten  Spielregeln  (Konvention)  beruhe.  Wo  diese  Spielregeln 
mißachtet  oder  vergessen  werden,  sterbe  auch  alle  Kultur  —  überlebt  werde  nur  noch 
biologisch. 

Der  Abschlußabend  vereinte  etwa  150  Gäste  im  Hotel  Schweizerhof.  Nun  aller  Ver¬ 
pflichtungen  ledig,  entspannten  sich  die  Kongreßteilnehmer  an  einem  berolinensischen 
Buffet  und  zeitgenössischem  Tanz.  Baron  von  Haartman  dankte  am  Schlüsse  dem 
Senat  von  Berlin  und  der  Stadt  für  die  Gastfreundschaft  und  den  Ausrichtern  für  die 
wissenschaftliche  und  organisatorische  Vorbereitung  und  Durchführung  des  Kongres¬ 
ses.  Berlin  kennt  keine  Polizeistunde,  und  so  wurde  es  spät,  bis  sich  die  letzten  Gäste  in 
angeregter  und  fröhlicher  Stimmung  voneinander  trennten. 

Auswärtige  Exkursionen  vor  und  nach  dem  Kongreß 

Einer  kritischen  Betrachtung  bedürfen  die  so  umfangreich  angebotenen  auswärtigen 
Exkursionen  vor  und  nach  dem  Kongreß.  An  den  ursprünglich  18  (später  nur  noch  13) 
vorbereiteten  mehrtätigen  Exkursionen  vor  dem  Kongreß,  zu  denen  sich  259  Teilneh¬ 
mer  vorläufig  angemeldet  hatten,  wollten  nur  71  Personen  endgültig  teilnehmen,  so 
daß  8  Exkursionen  gestrichen  werden  mußten.  Für  die  20  (14)  Exkursionen  nach  dem 
Kongreß  lagen  266  vorläufige,  aber  nur  57  endgültige  Anmeldungen  vor;  hier  fielen  9 
Exkursionen  aus. 

Der  mancherseits  erhobene  Vorwurf,  die  hier  aufgewendete  Mühe  —  vor  allem  für 
die  dann  nicht  durchgeführten  Unternehmungen  —  sei  viel  zu  groß  gewesen,  trifft 
zweifellos  zu.  Für  künftige  Kongresse  mag  ein  Blick  auf  die  möglichen  Gründe  nütz¬ 
lich  sein.  Der  Unterschied  zwischen  vorläufigen  und  endgültigen  Anmeldungen  dürfte 
zum  Teil  in  dem  bereits  erwähnten  Wechselkursverfall  des  Dollars  liegen.  Meine  leicht¬ 
fertige  Gutgläubigkeit  an  den  Wert  einstweiliger  Interessebekundungen  kommt  wohl 
hinzu.  Ein  amerikanisches  Reisebüro  stiftete  mit  unautorisierten  und  überdies  falschen 
Ankündigungen  etliche  Verwirrung  unter  den  Interessenten  aus  den  Vereinigten  Staa¬ 
ten.  Ein  weiterer  Grund  könnte  in  der  Ausweitung  der  Exkursionsziele  über  die  Gren¬ 
zen  des  gastgebenden  Landes  hinaus  auf  ganz  Europa  liegen:  die  weiten  Anreisewege 
erhöhen  die  Kosten.  Andererseits  liegen  die  meistinteressierenden  und  dann  auch 
meistbesuchten  Ziele  extrem  peripher:  Südspanien,  Donaudelta,  Lappland;  in  Deutsch¬ 
land  fanden  sich  ausreichend  Teilnehmer  nur  für  eine  Exkursion  in  Bayern.  So  bleiben 
mir  die  letzten  Gründe  für  die  verhältnismäßig  geringe  Teilnahme  undeutlich. 

Einige  Laborforscher,  aber  auch  manche  bedeutenden  älteren  Ornithologen  haben 
vorgeschlagen,  künftig  auf  Exkursionen  ganz  zu  verzichten.  Dies  hieße  aber,  scheint 
mir,  das  Kind  mit  dem  Bade  auszuschütten.  Die  Namen  der  letzteren  finden  sich  viel¬ 
fach  in  den  Exkursionsberichten  früherer  Kongresse;  so  scheint  deren  jetzige  Meinung 
keine  grundsätzliche  zu  sein.  Den  ersteren  mag  für  ihre  besonderen  Fragestellungen 
die  Anschauung  des  oekologischen  Gefüges  fremder  Gebiete  entbehrlich  scheinen.  Den 
Ornithologen  sensu  stricto  fesselt  auch  heute  noch  der  Vogel  nicht  als  Objekt,  sondern 
als  Problem.  Manche  Seiten  dieses  Problems  sind  ohne  Anschauung  der  spezifischen 
Umwelt  nicht  zu  begreifen,  und  zu  solcher  Anschauung  tragen  Exkursionen  bei. 

Die  Herren  Dr.  Peter  Berthold  (Württemberg-Baden),  Prof.  Dr.  Urs  Glutz  von 
Blotzheim  (Berner  Oberland),  Dr.  Claus  König  (Pyrenäen),  Dr.  Dietrich  König 
(Schleswig-Holstein),  Kalevi  K.  Malmström  (Südfinnland),  Dr.  Alfred  Schifferli 
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(Südalpen),  Dr.  Seppo  Sulkava  (Mittel-Finnland)  und  Dr.  Gottfried  Vauk  (Nieder¬ 
sachsen)  haben  (die  jeweils  in  Klammern  genannten)  Exkursionen  geplant  und  vorberei¬ 
tet,  die  nicht  durchgeführt  werden  konnten.  Ihnen  gilt  mein  Dank  nicht  nur  für  ihre 
Mühe,  sondern  ebenso  für  die  ausnahmslos  klaglose  Einsicht  in  die  ökonomischen 
Gründe  für  den  Ausfall. 

Durchgeführt  wurden  vor  dem  Kongreß  3  parallele  Exkursionen  in  das  Gu.ndalquivir- 
Delta  und  die  Serrania  de  Ronda  mit  insgesamt  38  Teilnehmern,  geleitet  von  den  Fierren 
Dr.  Javier  Castroviejo,  Dr.  Fernando  Alvarez  und  Pedro  Weickert.  In  das  Rhone- 
Delta  fuhren  16  Personen,  die  Herr  Dr.  Lücas  Hoffmann  durch  die  Camargue  und 
die  Grau  begleitete.  Prof.  Dr.  Philippe  Lebreton  und  Prof.  Dr.  Michel  Bournaud  hat¬ 
ten  für  7  Teilnehmer  eine  Exkursion  ausgerichtet,  die  die  Mittlere  Rhone  vom  Teich¬ 
gebiet  Les  Dombes  bis  in  die  Südausläufer  des  Schweizer  Jura  besuchte.  Durch  die 
Österreichischen  Alpen  führte  Herr  Dr.  Gerhard  Spitzer  8  Teilnehmer  und  anschlie¬ 
ßend  10  Teilnehmer  an  den  Neusiedler  See  und  in  den  Seewinkel. 

Nach  dem  Kongreß  leitete  Herr  Dr.  Spitzer  Exkursionen  mit  10  Personen  in  das 
Donau-Delta  und  mit  9  Teilnehmern  zunächst  nach  Ungarn  und  dann  ins  Donau- 
Delta.  Herr  Prof.  Walter  Wüst  zeigte  10  Mitgliedern  das  nordöstliche  Bayern  vom 
Fränkischen  Weihergebiet  über  den  Jura  bis  zum  Ries.  15  Personen  fuhren  unter  der 
Leitung  von  Herrn  Kent  Forssgren  nach  Abisko  am  Torneträsk  in  Schwedisch-Lapp- 
land.  In  Finnisch-Lappland  besuchten  13  Teilnehmer,  geführt  von  Herrn  Olavi  Sten- 
man,  das  Gebiet  um  Kavigasniemi  und  den  Kevo  Nationalpark. 

Allen  Exkursionsleitern  danke  ich  für  Planung,  die  sorgfältige  Durchführung  und 
für  die  Betreuung  der  Teilnehmer. 

Da  ich  den  Sinn  einer  jeden  Exkursion  in  dem  Zuwachs  an  Anschauung  und  Einsicht 
für  den  einzelnen  Teilnehmer  erblicke,  scheinen  mir  Berichte  über  den  Verlauf  der 
Exkursionen  an  dieser  Stelle  überflüssig.  Nicht  überflüssig  —  um  es  noch  einmal  zu 
sagen  —  finde  ich  die  Veranstaltung  von  sorgfältig  vorbereiteten  und  wissenschaftlich 
gut  geleiteten  Exkursionen  auch  auf  den  künftigen  Internationalen  Ornithologen-Kon- 
gressen. 


Sitzungen  und  Beschlüsse  des  Permanenten  Exekutivkomitees 
und  des  Internationalen  Ornithologischen  Komitees 

Am  11.  und  12.  März  1978  hielt  das  Permanente  Exekutivkomitee  eine  Sitzung  in 
Frankfurt  am  Main  ab,  bei  der  die  Herren  Dr.  Frith  und  Phelps  nicht  anwesend 
waren.  Es  billigte  die  Berichte  über  die  wissenschaftlichen  und  organisatorischen  Vor¬ 
bereitungen  und  beauftragte  den  Generalsekretär  mit  der  Herausgabe  der  Proceedings 
und  der  Beschaffung  der  dafür  nötigen  finanziellen  Mittel.  Der  Generalsekretär  wurde 
ferner  gebeten,  in  seinem  Bericht  ausführlicher  als  bisher  auf  die  Arbeit  des  Permanen¬ 
ten  Exekutivkomitees  (PEG)  und  des  Internationalen  Ornithologischen  Komitees 
(IOC)  einzugehen.  Der  vom  Präsidenten  hergestellte  Entwurf  einer  neuen  Satzung  für 
das  IOC  wurde  in  einigen  Punkten  abgeändert  und  Vorschläge  für  neue  Mitglieder  des 
PEG  und  IOC  sowie  für  einen  Präsidenten  des  nächsten  Kongresses  vorbereitet.  Über¬ 
legungen  für  den  Austragungsort  des  nächsten  Kongresses  schlossen  sich  an. 
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Eine  zweite  Sitzung  während  des  Kongresses  in  Berlin  am  5.  Juni,  bei  der  alle  Mit¬ 
glieder  anwesend  waren,  beschäftigte  sich  vorwiegend  mit  den  Modalitäten  eines  näch¬ 
sten  Kongresses  in  Moskau.  Eine  weitere  Einladung  nach  Belgien  war  soeben  einge¬ 
gangen. 

Auf  einer  dritten  Sitzung  am  7.  Juni  wurden  die  Einzelheiten  der  Einladung  nach 
Belgien  besprochen  und  beide  Einladungen  gegeneinander  abgewogen.  Das  PEC 
sprach  sich  mit  6  zu  4  Stimmen  für  die  Annahme  der  Einladung  nach  Belgien  aus.  Vor¬ 
schläge  für  ca.  50  neue  Mitglieder  des  erweiterten  IOC,  für  den  Ersatz  der  4  ausschei¬ 
denden  Mitglieder  des  PEC  und  für  den  Präsidenten  des  nächsten  Kongresses  wurden 
diskutiert. 

Das  IOC  hat  in  zwei  Sitzungen  am  6.  und  10.  Juni  eine  Reihe  wichtiger  Entschei¬ 
dungen  getroffen.  In  der  ersten  Sitzung,  an  der  51  Mitglieder  teilnahmen,  wurde  die 
neue  Satzung  des  Komitees  nach  einigen  redaktionellen  Änderungen  ohne  Gegen¬ 
stimme  angenommen  und  mit  sofortiger  Wirkung  in  Kraft  gesetzt.  Der  Wortlaut  ist 
auf  den  Seiten  55  bis  62  dieses  Bandes  abgedruckt.  Die  neuen  Statuten  setzen  sich  aus 
der  eigentlichen  Satzung  und  aus  Ausführungsbestimmungen  zusammen.  Sie  ersetzen 
die  Statuten  von  Rouen  1938,  die  die  letzten  8  Kongresse  regiert  haben. 

Nach  der  neuen  Satzung  kann  das  IOC,  bisher  auch  „Hunderterkomitee“  genannt, 
nun  erheblich  erweitert  werden,  denn  die  Mitglieder,  die  älter  sind  als  65  Jahre,  werden 
bei  der  Begrenzung  auf  100  Personen  nicht  mehr  mitgezählt,  haben  aber  volles  Stimm¬ 
recht.  Die  Zusammensetzung  des  Komitees  soll  die  internationale  Ausbreitung  der 
Ornithologie  widerspiegeln,  und  die  Zahl  der  Vertreter  der  einzelnen  Länder  soll  der 
ornithologischen  Aktivität  dieser  Länder  entsprechen.  Die  Aufgaben  des  Komitees 
bestehen  in  der  Wahl  des  Landes,  in  dem  der  nächste  Kongreß  stattfinden  soll;  in  der 
Wahl  neuer  Komitee-Mitglieder,  des  Präsidenten  des  nächsten  Kongresses,  der  Mit¬ 
glieder  des  PEC;  und  in  der  Förderung  internationaler  Zusammenarbeit. 

Das  PEC  soll  nach  der  neuen  Satzung  in  dem  Zeitraum  zwischen  den  Kongressen 
im  Namen  des  IOC  arbeiten  und  trägt  die  allgemeine  Verantwortung  für  dessen  wis¬ 
senschaftliche  Politik.  Es  ist  bei  der  Zusammensetzung  des  jeweiligen  Komitees  für  das 
Wissenschaftliche  Programm  anzuhören.  Die  bisherige  bewährte  Übung,  die  Mitglie¬ 
der  des  PEC  de  facto  für  8  Jahre  arbeiten  zu  lassen,  auf  jedem  Kongreß  nur  4  auszu¬ 
wechseln,  und  so  die  Erfahrungen  weiterzureichen,  ist  nicht  in  die  neue  Satzung  aufge¬ 
nommen. 

Auf  einer  zweiten  Sitzung  des  IOC  am  10.  Juni  waren  46  Mitglieder  anwesend.  Sie 
wählten  einstimmig  Prof.  Dr.  Lars  Freiherr  von  Haartman  zum  Präsidenten  des 
nächsten  Kongresses. 

Herr  Dr.  Devillers  überbrachte  und  erläuterte  eine  Einladung  für  den  nächsten 
Kongress  nach  Belgien,  Prof.  Dr.  Iljitschew  nach  Moskau.  In  Belgien  würde  der  Kon¬ 
greß  im  August  1982  stattfinden,  vermutlich  in  Brüssel;  etwa  250  Teilnehmer  könnten 
im  Universitätsgelände  untergebracht  werden,  die  übrigen  in  Hotels.  Es  werde  keine 
Simultan-Übersetzung  geben.  Die  Herausgabe  der  Proceedings  sei  gesichert. 

In  Moskau  würde  der  Kongreß  zwischen  Juni  und  August  1982  stattfinden  können. 
Für  die  Plenarvorträge  werde  es  eine  Simultan-Übersetzung  ins  Englische  geben,  für 
die  übrigen  Vorträge  ausführliche  Kurzfassungen  in  der  Sprache  der  Autoren  mit  rus¬ 
sischer  Übersetzung.  Die  Zahl  der  Teilnehmer  aus  der  Sowjetunion  werde  man  aus 
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räumlichen  Gründen  auf  ein  Viertel  der  Gesamtzahl  beschränken,  für  die  Teilnehmer 
aus  dem  Ausland  gäbe  es  keinerlei  Beschränkungen;  jeder  Ornithologe  werde  einreisen 
können,  gleichgültig,  aus  welchem  Land  er  komme.  Die  Proceedings  sollen  auf  Eng¬ 
lisch  und  Russisch  beschränkt  werden:  pro  Vortrag  5  Seiten  Englisch  und  1  Seite  russi¬ 
sche  Zusammenfassung  bzw.  umgekehrt. 

In  der  folgenden  Abstimmung  sprachen  sich  19  Mitglieder  des  lOG  für  Moskau,  17 
für  Brüssel  aus,  10  enthielten  sich  der  Stimme.  Damit  war  der  Kongreß  1982  nach 
Moskau  vergeben. 

Nach  dieser  Entscheidung  erklärte  der  Generalsekretär  seinen  Rücktritt  als  Mitglied 
des  PEG:  er  wolle  nicht  Mitverantwortung  übernehmen  für  die  Durchführung  eines 
Kongresses,  bei  dem  ihm  die  uneingeschränkte  Tätigkeit  des  PEG  und  die  ungehin¬ 
derte  Teilnahme  eines  jeden  Ornithologen  nicht  gesichert  erscheine. 

Das  IOC  wählte  dann  47  neue  Mitglieder  (die  in  der  Liste  auf  den  Seiten 
50  —  54  dieses  Bandes  mit  einem  Stern  vor  dem  Namen  gekennzeichnet  sind).  Es 
beauftragte  das  PEG,  ein  Komitee  zu  bilden,  das  rechtzeitig  in  den  nächsten  vier  Jah¬ 
ren  die  Zusammensetzung  des  IOC  in  Übereinstimmung  bringen  möge  mit  der  derzei¬ 
tigen  ornithologischen  Aktivität  der  einzelnen  Länder. 

Es  bestätigte  die  Herren  Prof.  Glutz  von  Blotzheim,  Prof.  Bock,  Dr.  Frith  und  Dr. 
Snow  als  Mitglieder  des  PEG  und  wählte  hinzu  die  Herren  Prof.  Aschoff,  Dr.  Brosset, 
Prof.  Iljitschew  und  Prof.  Sick. 

Für  den  Fall,  daß  der  Präsident  an  seiner  Amtsausübung  verhindert  sein  sollte,  wurde 
Prof.  Aschoff  zum  Vertreter  gewählt. 

Das  Standing  Committee  for  the  Cooperation  of  Seabird  Research  und  das  Interna¬ 
tional  Committee  for  Bird  Ringing  wurden  zu  offiziellen  Organen  des  IOC  erklärt  mit 
der  Maßgabe,  daß  ihnen  Raum  und  Zeit  für  Veranstaltungen  auf  dem  nächsten  Kon¬ 
greß  einzuräumen  sei. 
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Decisions  of  the  International  Ornithological  Committee 

The  International  Ornithological  Committee  came  to  some  important  decisions 
during  two  meetings,  held  on  June  6th,  1978,  when  51  members  were  present,  and  on 
June  lOth  with  46  members  present.  Prof.  Donald  S.  Farner  presided  over  both  meet¬ 
ings. 

1. )The  revised  Statutes  and  By-Laws  were  adopted  (printed  on  pp.  55  —  60  in  this 

volume). 

It  was  decided  that  the  International  Ornithological  Committee  shall  designate  a 
member  of  the  Permanent  Executive  Committee  to  act  as  President  in  case  the  lauer 
is  incapacitated. 

2. )  Prof.  Lars  Freiherr  von  FiAARTMAN  was  elected  by  acclamation  to  fill  the  Presiden- 

tial  Chair  of  the  XVIIIth  Congress. 

3. )  Invitations  to  host  the  XVIIIth  Congress  were  offered  by  the  Soviet  Union,  repre- 

sented  by  Prof.  Ilyichev,  and  by  Belgium,  represented  by  Dr.  Devillers.  It  has  been 
decided  to  hold  the  XVIIIth  International  Ornithological  Congress  in  Moskow  in 
1982. 

Due  to  this  decision  the  Secretary-General  retired  as  a  member  of  the  PEC. 

Prof.  Ilyichev  gave  assurance  that  each  foreign  ornithologist,  coming  from  what- 
ever  country  he  may,  will  be  allowed  to  enter  the  Soviet  Union  for  the  Congress 
and  for  the  excursions.  There  will  be  simultaneous  translations  of  the  plenary  ses- 
sions,  and  there  will  be  a  publication  of  extensive  abstracts  of  the  papers  in  the  lan- 
guage  of  the  author  with  Russian  translation.  Qualified  ornithologists  will  accom- 
pany  each  excursion.  The  Proceedings  will  contain  English  papers  with  Russian 
summaries  and  Russian  papers  with  English  summaries  respectively. 

4. )  The  Executive  Committee’s  recommendations  for  new  members  of  the  Interna¬ 

tional  Ornithological  Committee  were  adopted  after  one  Substitution.  The  list  of 
members  (see  below)  was  approved.  The  Executive  Committee  shall  nominate  a 
sub-committee  for  reviewing  the  composition  of  the  International  Ornithological 
Committee  and  to  bring  it  in  line  with  present  ornithological  activities. 

5. )  The  Permanent  Executive  Committee  was  reconstituted  by  the  election  of  Prof. 

Aschoff,  Dr.  Brosset,  Prof.  Ilyichev  and  Prof.  Sick  and  by  the  re-election  of  Prof. 
Bock,  Dr.  Frith,  Prof.  Glutz  von  Blotzheim  and  Dr.  Snow. 

6. )  Prof.  Aschoff  was  designated  to  act  as  President  in  case  Baron  von  Haartman 

should  be  incapacitated. 

7. )  The  Standing  Committee  for  the  Cooperation  of  Seabird  Research  and  the  Interna¬ 

tional  Committee  for  Bird  Ringing  were  declared  official  committees  of  the  Inter¬ 
national  Ornithological  Committee. 


The  President  1978  —  1982 


Prof.  Dr.  Lars  Freiherr  von  Haartman 
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The  International  Ornithological  Committee 
STATUTES 
Article  I 

Objectives  and  Purposes 

The  International  Ornithological  Committee  (IOC)  (1)  promotes  international  col- 
laboration  and  Cooperation  in  ornithology  and  (2)  as  it  deems  desirable  and  useful,  it 
encourages  international  collaboration  and  Cooperation  between  ornithology  and  other 
biological  Sciences. 

To  effect  these  objectives  and  purposes  the  IOC  Sponsors  and  promotes  the  Interna¬ 
tional  Ornithological  Congresses;  establishes  and  Sponsors  commissions  and  commit- 
tees  as  it  deems  appropriate  and  desirable;  establishes  or  Sponsors  other  international 
ornithological  activities  as  it  deems  appropriate;  and  functions  as  the  Section  of  Orni¬ 
thology  in  the  International  Union  of  Biological  Sciences. 

Article  II 

Membership  and  Functions 

1.  Size.  The  size  of  the  membership  of  the  IOC  is  determined  by  the  Committee,  but 
not  to  exceed  the  number  specified  in  the  By-Laws  (Art.  I). 

2.  Representation.  The  membership  shall  be  representative  of  the  international  dis- 
tribution  of  ornithologists,  and  the  number  of  members  from  each  country  shall  be 
proportional  to  its  ornithological  activity. 

3.  Election.  New  members  are  elected  by  the  IOC  at  a  regulär  meeting  at  the  Inter¬ 
national  Ornithological  Congress  from  a  list  of  nominations  prepared  and  presented  by 
the  Permanent  Executive  Committee.  Additional  nominations  may  be  made  by  any 
member  at  the  time  of  the  meeting.  If  seconded,  such  nominations  are  added  to  the  list 
presented  by  the  Permanent  Executive  Committee.  Election  to  the  Committee  requires 
a  simple  majority  vote  of  the  members  present  and  voting. 

4.  Term.  The  term  of  membership  is  indefinite  unless  the  member  resigns  voluntarily 
or  is  absent  from  regulär  meetings  of  the  IOC  at  two  consecutive  Congresses  which 
constitutes  automatic  resignation.  Resigned  members  may  be  re-elected. 

5.  Meetings.  The  IOC  meets  at  least  twice  during  each  International  Ornithological 
Congress.  The  quorum  for  transaction  of  business  at  a  regulär  meeting  consists  of  the 
members  present  at  the  meeting.  A  member  must  be  in  attendance  at  a  meeting  in  Order 
to  cast  his  vote. 

6.  Duties.  The  duties  of  the  IOC  are  (a)  to  select  the  site  of  the  next  Congress;  (b)  to 
elect  new  members;  (c)  to  elect  the  President  of  the  next  Congress;  (d)  to  elect  mem¬ 
bers  of  the  Permanent  Executive  Committee;  and  (e)  to  take  actions  appropriate  and 
necessary  to  carry  out  its  stated  objectives  and  functions  (Art.  I). 

7.  Special  meetings.  The  President,  under  extraordinary  circumstances,  may  call  a 
special  meeting  of  the  IOC.  He  is  obligated  to  do  so  on  receipt  of  a  petition  signed  by 
one-quarter  of  the  members.  The  date  set  for  a  special  meeting  must  permit  reasonable 
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time  for  consideration  of  the  agenda  and  for  travel  arrangements.  A  quorum  for  a  spe¬ 
cial  meeting  is  one-third  of  the  members  of  the  IOC.  Failure  to  attend  a  special  meeting 
shall  not  count  toward  automatic  resignation  (Art.  II:  4). 

8.  Presiding  officer.  The  President  presides  at  the  meetings  of  the  IOC. 

9.  Communications.  Actions  of  the  IOC  are  communicated  to  the  Congress  and 
published  either  in  the  Proceedings  of  the  Congress  or  in  some  other  publication,  as 
approved  by  the  Permanent  Executive  Committee. 

Article  III 
Officers 

A.  The  President 

1.  Election.  The  President  is  elected  by  a  simple  majority  vote  of  the  members  pres¬ 
ent  and  voting  at  a  regulär  meeting  of  the  IOC  at  the  International  Ornithological 
Congress.  He  is  not  eligible  for  election  to  the  same  office  in  two  successive  congresses. 

2.  Succession.  After  election  of  the  President  and  of  the  PEC,  the  IOC  will  desig- 
nate,  by  election,  one  of  the  members  of  the  PEC  to  serve  as  President  in  case  of  the 
inability  of  the  elected  President  to  continue  in  his  office. 

3.  Term.  The  President  holds  office  from  the  conclusion  of  the  Congress  at  which  he 
is  elected  until  the  conclusion  of  the  following  congress. 

4.  Duties.  The  President  of  the  IOC  also  serves  as  chairman  of  its  Permanent  Execu¬ 
tive  Committee  (PEC),  as  President  of  the  International  Ornithological  Congress,  and 
(or  designates  a  representative)  as  a  member  of  the  Board  of  the  Division  of  Zoology 
of  the  International  Union  of  Biological  Sciences.  He  presides  at  meetings  of  the  IOC, 
of  its  Permanent  Executive  Committee  and  of  the  International  Ornithological  Con¬ 
gress,  and  appoints  committees  and  commissions  (with  the  exception  of  the  IOC  and 
the  PEC)  of  the  IOC  and  of  the  Congress.  After  consultation  with  the  host  Organiza¬ 
tion  of  the  forthcoming  congress,  the  President  shall  appoint  the  Secretary-General. 

5.  Membership  in  the  IOC.  Past  Presidents  are  permanent  members  of  the  IOC. 

B.  The  Secretary-General 

The  Secretary-General  serves  as  Secretary-General  and  Treasurer  of  the  Congress,  as 
Secretary  and  Treasurer  of  the  International  Ornithological  Committee,  as  Secretary 
of  its  Permanent  Executive  Committee  and  as  Secretary  of  the  Section  of  Ornithology 
of  the  International  Union  of  Biological  Sciences.  He  has  the  over-all  responsibility  for 
all  local  and  financial  arrangements  for  the  International  Ornithological  Congress  for 
which  he  has  been  appointed.  He  serves  until  the  Secretary-General  of  the  following 
International  Ornithological  Congress  is  designated.  He  serves  ex-officio  as  a  member 
of  the  Permanent  Executive  Committee  until  the  end  of  the  following  Congress. 

Article  IV 

The  Permanent  Executive  Committee  (PEC) 

1.  Membership. 

a.  The  President  of  the  International  Ornithological  Committee  (IOC)  as  in  Art.  III: 
A,4. 
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b.  An  even  number  of  elected  members,  as  specified  by  the  By-Laws.  No  more  than  one 
of  these  members  may  be  from  a  single  country.  These  members  shall  be  elected  with 
proper  attention  to  an  adequate  international  distribution  in  the  Permanent  Executive 
Committee. 

c.  The  Secretary-General  is  an  ex-officio  member  of  the  PEC  until  the  end  of  the 
following  Congress  as  in  Art.  III:  B. 

2.  Election .  Nomination  and  election  of  members  of  the  PEC  shall  follow  election  of 
the  President.  Nomination  shall  be  proposed  by  the  existing  PEC.  Any  member  of  the 
IOC  present  at  the  meeting  may  make  nominations.  If  seconded  these  are  added  to  the 
nominations  proposed  by  the  PEC.  Election  of  members  of  the  PEC  is  by  simple 
majority  vote  of  the  members  of  the  IOC  present  and  voting.  Elected  members  are  eli- 
gible  for  re-election  as  an  elected  member  of  the  PEC  for  one  additional  term. 

3.  Term.  The  PEC  shall  serve  from  the  conclusion  of  the  Congress  at  which  it  is  elec¬ 
ted  to  the  conclusion  of  the  following  Congress. 

4.  Duties. 

a.  Düring  the  Inter-Congress  period,  the  PEC  acts  on  behalf  of  the  IOC. 

b.  Düring  the  Inter-Congress  period,  the  PEC  has  general  responsibility  for  the  scien¬ 
tific  policy  of  the  IOC  including  the  program  of  the  Congress,  as  specified  in  the  By- 
Laws  (Art.  IV:  4). 

c.  At  a  meeting  of  the  IOC  at  the  International  Ornithological  Congress,  it  provides: 

(1)  Nominations  for  the  office  of  President,  for  the  elected  members  of  the  PEC, 
and  for  the  designated  presidential  successor  (Art.  III:  A,  2); 

(2)  A  recommendation  concerning  the  host  country  and  Organization  for  the  ensu- 
ing  congress  after  due  consideration  of  all  invitations; 

(3)  Nominations  for  new  members  of  the  IOC  with  due  consideration  of  Art.  II:  2; 

(4)  Recommendations  for  re-election  of  members  considered  to  have  resigned 
because  of  absence  from  two  consecutive  meetings,  as  specified  in  Art.  II:  4; 

(5)  Advice  and  counsel  concerning  any  other  matters  deemed  to  be  of  interest, 
within  the  purvue,  or  among  the  responsibilities  of  the  IOC. 


Article  V 

Amendment  of  the  Statutes 

1.  Proposal  of  amendment.  Proposals  to  amend  the  Statutes  require  the  signa- 
tures  of  at  least  five  members  of  the  IOC  from  at  least  three  countries,  and  must  be 
transmitted  to  the  Secretary-General  at  least  twelve  months  before  the  next  Interna¬ 
tional  Ornithological  Congress.  The  Secretary-General  will  distribute  the  proposed 
amendments  to  all  members  of  the  IOC  at  least  four  month  prior  to  the  Congress.  At 
the  meeting  of  the  IOC  at  the  Congress  the  PEC  will  present  its  recommendation  on 
each  proposed  amendment. 

2.  Adoption.  Adoption  of  an  amendment  by  the  IOC  requires  two-thirds  majority 
vote  of  the  members  present  and  voting.  Adopted  amendments  become  effective  at  the 
dose  of  the  Congress. 
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Article  VI 
Enabling  Clause 

Adoption  of  these  Statutes  requires  a  two-thirds  majority  vote  of  the  members  of  the 
existing  IOC  present  and  voting  at  a  regulär  meeting  of  the  IOC  at  the  International 
Ornithological  Congress  at  which  they  are  presented,  having  been  distributed  to  the 
members  prior  to  that  meeting.  Adoption  of  these  Statutes  shall  replace  the  Reglement 
des  Congres  Ornithologiques  Internationaux  adopted  in  Rouen  in  1938  and  all  amend- 
ments  passed  thereafter.  If  adopted,  these  Statutes  become  effective  immediately. 


BY-LAWS 
Article  I 

The  size  of  the  International  Ornithological  Committee  (IOC) 

The  membership  of  the  Committee  be  not  more  than  100.  Members  over  65  years  of 
age  and  Fast  Presidents  are  not  counted  in  this  limit. 

Article  II 

Meetings  of  the  International  Ornithological  Committee 

1.  Sufficiently  prior  to  the  regulär  meeting  of  the  IOC  at  the  International 
Ornithological  Congress  the  Secretary-General  shall  distribute  to  all  members  an 
agenda  of  the  meeting. 

2.  Members  are  requested  to  inform  the  Secretary-General  of  their  Intention  to  attend 
the  meeting,  and/or  to  resign  from  the  Gommittee. 

3.  An  agenda  and  information  on  matters  to  be  covered  shall  be  sent  to  members  with 
the  notice  of  any  special  meeting  called  by  the  President. 

Article  III 

Membership  of  the  Permanent  Executive  Committee  (PEC) 

In  addition  to  the  officers  specified  in  Art.  IV  of  the  Statutes,  the  International  Orni¬ 
thological  Committee  elects  eight  members  in  accordance  with  Art.  IV:  1,  b  of  the  Stat¬ 
utes. 

Article  IV 

The  International  Ornithological  Congresses 

1.  The  frequency  of  the  Congress.  Congresses  will  be  held  at  four-year  intervals 
unless,  for  compelling  reasons,  the  IOC,  or  the  PEC  acting  on  its  behalf,  deems  other- 


wise. 
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2.  The  site  and  time  of  the  Congress.  After  consultation  with  the  PEC  and  the 
host  Organization,  and  due  consideration  of  the  interests  and  convenience  of  the  mem- 
bers,  the  site  in  the  host  country  and  time  of  the  Congress  are  fixed  by  the  Secretary- 
General. 

3.  Membership  of  the  Congress.  Membership  in  an  International  Ornithological 
Congress  shall  be  open  to  all  ornithologists  and  students  of  avian  biology  without  dis- 
tinction  as  to  country  of  origin  upon  payment  of  the  stated  congress  fee,  if  any.  Mem¬ 
bership  and  attendance  at  a  Congress  shall  be  in  accordance  with  the  general  policies  of 
the  lUBS.  Any  limitation  on  the  number  of  active  members  of  the  congress  may  be 
made  by  the  Secretary-General  only  after  consultation  with  and  agreement  by  the 
PEC.  Such  limitation  must  be  clearly  stated  in  Congress  announcements.  In  the  case  of 
limitation  in  the  number  of  active  members,  provision  must  be  made  for  associate  mem¬ 
bers  which  may  not  be  limited  in  number.  Members  of  the  IOC  may  not  be  denied  a 
place  as  an  active  member  upon  payment  of  the  congress  fee. 

4.  The  Scientific  Program  of  the  Congress.  After  consultation  with  the  PEC 
and  the  host  Organization  the  President  appoints  the  Scientific  Program  Committee. 
This  Committee  consists  of  three  or  more  members  from  the  host  country  and  mem¬ 
bers  from  at  least  three  other  countries.  The  Secretary-General  is  a  member  ex-officio 
of  the  Scientific  Program  Committee.  This  committee  is  responsible  to  PEC  for  the 
scientific  program  of  the  Congress. 

5.  The  Organization  of  the  Congress.  The  general  Organization  of,  and  the 
arrangements  for,  the  Congress  are  the  responsibilities  of  the  Secretary-General. 

6.  The  Proceedings  of  the  Congress.  The  Secretary-General  is  responsible  for 
the  publication  of  the  Proceedings  of  the  Congress.  If  he  does  not  serve  as  editor  of  the 
Proceedings,  he  appoints  the  editor  after  obtaining  concurrence  from  the  President. 

7.  Finances  of  the  Congress.  The  Secretary-General  is  the  treasurer  and  principal 
finance  officer  of  the  Congress  and  as  such  is  responsible  for  all  financial  matters  of  the 
Congress.  In  consultation  with  the  President  he  develops  the  budget  and  fixes  the  Con¬ 
gress  fee.  After  all  fiscal  obligations  have  been  absolved,  any  surplus  funds,  including 
any  from  the  Proceedings,  are  made  available  for  Inter-Congress  activities,  including 
arrangements  for  the  ensuing  Congress. 


Article  V 

Amendment  of  the  By-Laws 

1.  Proposal  of  amendment.  Proposals  to  amend  the  By-Laws  require  the  signature 
of  at  least  three  members  from  at  least  three  countries  and  must  be  transmitted  to  the 
Secretary-General  at  least  twelve  months  in  advance  of  the  next  International  Ornitho¬ 
logical  Congress.  The  Secretary-General  will  distribute  at  least  four  month  prior  to  the 
Congress  the  proposed  amendments  to  the  members  of  the  International  Ornithologi¬ 
cal  Committee.  At  the  meeting  of  the  IOC  at  the  Congress,  the  PEC  will  present  its 
recommendation  on  each  proposed  amendment. 

2.  Adoption.  Adoption  of  proposed  amendments  to  the  By-Laws  by  the  IOC  re- 
quires  a  simple  majority  vote  of  the  members  present  and  voting.  Adopted  amendments 
become  effective  at  the  dose  of  the  Congress. 
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3.  Conflict  with  the  Statutes.  No  amendment  of  the  By-Laws  can  have  the  effect 
of  modification  of  the  Statutes. 


Article  VI 

Enabling  Clause 

Adoption  of  these  By-Laws  requires  prior  adoption  of  the  proposed  Statutes,  and 
requires  a  simple  majority  vote  of  the  members  of  the  existing  Committee  present  and 
voting  at  a  regulär  meeting  of  the  IOC  at  the  Congress  at  which  they  are  presented, 
having  been  distributed  to  the  members  prior  to  that  meeting.  Adoption  of  these  By- 
Laws  shall  replace  any  existing  By-Laws  and  regulations  (formal  and  informal)  of  the 
IOC  and  of  the  International  Ornithological  Congresses.  If  adopted,  these  By-Laws 

become  effective  immediately. 


The  International  Ornithological  Committee  (IOC),  the  so-called  Committee  of  100  and  the 
International  Ornithological  Congresses  operated  under  the  Reglement  adopted  at  the  Rouen 
(IX)  Congress  in  1938  (see  Proceedings  IXth  Congress,  pp.  661—662)  and  subsequent  modifica- 
tions.  The  decision  was  reached  at  the  Hague  (XV)  Congress  to  revise  these  rules  (see  Procee¬ 
dings  XVth  Congress,  p.  12).  Unfortunately  no  action  was  taken  prior  to  the  Canberra  (XVI) 
Congress.  President  Donald  S.  Farner  assumed  the  task  of  drafting  Statutes  and  By-Laws  which 
were  circulated  to  members  of  the  PEC,  recent  past-presidents  and  secretaries-general.  A  revised 
draft  was  discussed  and  further  revised  at  the  meeting  of  the  PEC  in  Frankfurt  a.  M.,  March  1978. 
This  draft  was  submitted  to  all  members  of  the  IOC  prior  to  the  Berlin  (XVII)  Congress.  It  was 
discussed,  amended  slightly  and  adopted  at  the  first  meeting  (6  June  1978)  of  the  IOC  at  the  Ber¬ 
lin  Congress.  The  new  Statutes  and  By-Laws  became  effective  immediately  and  governed  the 
actions  taken  at  the  second  meeting  of  the  IOC.  Final  wording  of  the  Statutes  and  By-Laws  was 
checked  by  an  Editorial  Committee  appointed  by  President  Farner,  consisting  of  W.  J.  Bock 
(Chairman),  H.  J.  Frith,  and  K.  FI.  Voous. 
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Report  of  the  Standing  Committee  on  Ornithological  Nomenclature 


Dr.  Eugene  Eisenmann  (USA),  Chairman  of  the  Standing  Committee  on  Ornitho¬ 
logical  Nomenclature,  submitted  the  following  repori. 

The  Standing  Committee  on  Ornithological  Nomenclature  of  the  International 
Ornithological  Congresses  is  an  international  body  appointed  by  the  president  of  the 
Congress.  It  serves  until  the  dose  of  that  Congress.  Its  functions  are  advisory  on  mat- 
ters  of  avian  nomenclature.  Members  of  the  Committee  are  consulted  on  nomencla- 
tural  questions  by  ornithologists;  recommendations  are  made  by  the  Committee  on 
ornithological  matters  that  come  before  the  International  Commission  on  Zoological 
Nomenclature  and  sometimes  on  proposals  for  changes  in  the  Code  of  Nomenclature 
that  may  have  special  impact  on  bird  names;  and  occasionally  the  Committee  offers 
recommendations  on  avian  nomenclature  to  ornithologists.  Usually  a  public  session  on 
nomenclature  is  held  during  the  International  Ornithological  Congress  at  which  the 
chairman  of  the  Committee  reports  on  the  actions  of  the  groups,  solicits  comments  and 
recommendations  and  presides  on  discussions  of  nomenclatural  problems  of  general 
interests.  Meetings  of  the  Committee  may  also  be  held. 

No  meeting  of  the  Standing  Committee  was  held  at  the  XVI  International  Ornitho¬ 
logical  Congress,  Canberra,  Australia  and  no  report  of  the  Committee  was  published  in 
the  proceedings.  President  Donald  S.  Farner  of  the  XVII  Congress  appointed  the  fol¬ 
lowing  as  members  of  the  Standing  Committee  on  Ornithological  Nomenclature  for 
that  Congress:  Eugene  Eisenmann  (USA),  Chairman;  Pierre  Devillers  (Belgium); 
Jean  Dorst  (France);  David  Snow  (United  Kingdom);  Finn  Salomonsen  (Denmark); 
Karel  Voous  (Netherlands);  George  Watson  (USA). 

A  public  Session  of  the  Committee  was  held  in  the  evening  of  9  June  during  the  Ber¬ 
lin  Ornithological  Congress.  The  chairman,  Dr.  E.  Eisenmann,  reported  on  the  activi- 
ties  of  the  Committee  which  included  several  written  recommendations  to  the  Interna¬ 
tional  Commission  on  applications  involving  avian  scientific  names,  and  help  or  partici- 
pation  in  applications  to  the  Commission.  In  all  cases  of  ornithological  names  on  which 
the  International  Commission  had  acted,  the  recommendations  of  the  Committee  had 
been  accepted.  The  chief  problem  is  that  the  International  Commission  takes  a  long 
time  before  an  application  is  brought  to  a  vote  and  the  decision  is  published.  To  some 
extent  this  difficulty  is  reduced  by  provisions  in  the  Code  that  after  an  application  is 
filed  with  the  Commission  and  notice  of  the  application  is  published  by  the  Commis¬ 
sion,  zoologists  are  supposed  to  follow  prevailing,  that  is  to  say,  majority,  usage  until  a 
decision  is  reached  and  published.  Deferring  to  the  wishes  of  invertebrate  zoologists 
and  contrary  to  those  of  ornithologists  and  many  other  vertebrate  zoologists,  the  pro¬ 
visions  in  the  code  for  automatic  action  of  the  50-year  stature  of  limitations  invalidating 
unused  senior  Synonyms  was  repealed  and  replaced  by  provisions  requiring  formal 
application  and  action  by  the  Commission  to  invalidate  such  names. 

The  problem  of  family-group  names,  which  under  the  Code  are  now  subject  to  the 
rule  of  priority  although  there  is  provision  by  which  the  International  Commission  may 
validate  usage,  is  a  very  troublesome  one  in  ornithology.  Family-group  names  are  those 
for  tribes,  subfamilies,  families  and  superfamilies;  names  for  suborders,  Orders  and 
Superorders  are  not  included  in  this  provision  and  are  not  subject  to  the  rule  of  priority. 
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The  Problem  is  that  most  family-group  names  that  have  been  long  and  consistently 
used  in  avian  Classification  may  not  be  the  oldest  name  and  adequate  published  synony- 
mies  of  avian  family-group  names  are  lacking.  The  Secretariat  of  the  Commission  bas 
taken  the  position  that  to  invalidate  senior  family-group  names  requires  exercise  of 
Plenary  Powers  of  the  Commission,  and  that  validation  of  the  generally  used  family- 
group  name  would  not  give  it  precedence  over  an  earlier  name  unless  that  name  had 
been  expressly  mentioned  in  the  application.  This  means  that  in  order  to  validate  effec- 
tively  currently  used  family-group  names,  a  check  of  the  synonymy  for  each  name  is 
required  which  entails  an  extensive  and  burdensome  bibliographic  research.  Otherwise 
a  second  application  will  have  to  be  made  if  an  earlier  competitive  name  is  brought  to 
light. 

At  the  public  session  during  the  Berlin  Congress,  the  question  of  an  “official”  list  of 
bird  names  was  raised.  It  was  pointed  out  that  scientific  names  depend  not  merely  on 
nomenclatural  rules  and  decisions,  but  even  more  on  varying  and  changing  opinions  as 
to  taxonomic  relationships.  The  Standing  Committee  on  Ornithological  Nomenclature 
has  not,  and  should  not  have,  any  jurisdiction  over  matters  of  taxonomy.  Moreover, 
most  avian  systematists  consider  any  attempt  to  freeze  taxonomic  opinion  into  an  offi- 
cial  World  list  of  birds  to  be  undesirable  — as  was  evident  from  the  full  discussion  at  the 
XIV  Ornithological  Congress,  Oxford  1966  (see  pp.  365  —  367  of  those  Proceedings). 
There  was  a  consensus  that  at  the  species  level  there  exists  a  carefully  prepared  “Refer¬ 
ence  List  of  Birds  of  the  World”  by  Morony,  Bock  &  Farrand  (1975)  published  by  the 
American  Museum  of  Natural  History  which,  although  in  no  sense  official  and 
although  it  admittedly  contained  some  errors  and  was  being  revised,  could  conven- 
iently  be  used  by  those  ornithologists  requiring  a  list  of  avian  species  but  unable  to 
undertake  their  own  taxonomic  studies. 
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Report  of  the  Standing  Committee  for  the  Coordination  of  Seabird  Research 


A  Standing  Committee  was  set  up  at  the  XIV  International  Ornithological  Congress 
in  1966  to  improve  liaison  in  research  on  seabirds,  and  has  regularly  organised  a  dis- 
cussion  at  the  Congresses  since  then,  summarised  in  the  Proceedings  of  the  XV  and 
XVI  Congresses  (p.  15 — 18  and  7 — 11  respectively).  Another  meeting  was  convened  at 
the  XVII  Congress  on  the  morning  of  7  June  and  subsequently  adjourned  until  the 
afternoon  of  9  June.  Professor  K.  H.  Voous  took  the  chair,  and  31  people  from  twelve 
countries  participated. 

The  Chairman  welcomed  the  participants  and  explained  that  the  main  function  of 
the  Committee  so  far  had  proved  to  be  the  Organisation  of  this  open  meeting,  which 
provided  a  forum  for  the  members  of  the  growing  number  of  regional  Seabird  Groups 
in  the  world,  now  located  in  Europe,  the  (northern)  Pacific,  South  Africa  and  Austral- 
asia,  to  consult  together.  On  this  occasion  it  proposed  that  the  discussion  should 
include  the  position  of  the  Committee  and  the  Seabird  Groups;  their  publications; 
techniques  of  investigation  of  the  biology  of  the  birds,  especially  at  sea,  breeding  cen- 
suses,  and  mortality,  notably  that  due  to  toxic  Chemicals  and  disease.  There  were  also 
proposals  for  regional  censuses  of  European  breeding  seabirds  and  wintering  gulls. 

In  the  first  place  it  was  noted  that  while  there  had  been  a  proposal  for  a  plenary  Ses¬ 
sion  devoted  to  seabirds  at  this  Congress,  the  Committee  had  not  been  consulted  and  it 
had  been  allowed  to  lapse.  Mr.  Sianle'»  Cramp  described  this  as  a  tragedy,  and  pro¬ 
posed  that  the  Committee  should  offer  to  organise  one  in  future.  This  was  agreed  unani- 
mously.  It  was  noted  that  alternatively  two  members  of  the  Committee  who  were 
unable  to  attend,  Dr.  Kees  Vermeer  of  Canada  and  Dr.  Jerry  van  Tets  of  Australia, 
had  written  apologising  and  suggesting  in  the  first  case  that  it  might  be  better  to  organ¬ 
ise  an  independant  International  Marine  Bird  Congress,  and  in  the  second  that  a  more 
cosmopolitan  approach  should  be  adopted  than  was  originally  suggested  for  the  ple¬ 
nary  Session  devoted  to  the  North  Atlantic  proposed  for  this  Congress.  Dr.  Vermeer 
offered  to  organise  a  first  meeting  in  Victoria,  British  Columbia,  in  1982.  It  was  con- 
sidered  that  this  was  a  matter  for  consideration  by  the  regional  Seabird  Groups. 

Dr.  John  Croxall  of  the  British  Antarctic  Survey  also  reported  that  the  Bird  Biology 
Subcommittee  of  the  Scientific  Committee  for  Antarctic  Research  (S.C.A.R.)  had  also 
recently  met  at  the  Committee’s  fifteenth  international  meeting  in  France  to  discuss  a 
number  of  research  proposals,  including  the  general  use  of  a  card  for  recording  birds  at 
sea  derived  from  that  used  by  the  Australians  for  eight  years,  and  plans  for  colour-band- 
ing,  research  on  Larus  dominicanus  in  South  America,  and  the  use  of  satellites  for 
tracking,  for  development  during  the  multinational  biomass  research  programme  for 
the  next  decade.  Its  objectives  would  include  an  estimate  of  the  biomass  of  Antarctic 
seabirds  and  the  selection  of  species  for  monitoring.  It  was  notable  that  in  the  first  case 
Antarctic  birds  (90  %  penguins)  equal  the  current  whale  Stocks  and  half  the  seal  Stocks 
in  biomass,  and  a  joint  two-year  survey  is  required  to  give  a  better  understanding  of 
their  stock-levels,  population  dynamics,  and  especially  the  non-breeding  population.  In 
the  second  case  certain  species  and  localities  require  more  detailed  study,  especially  to 
detect  changes  in  their  marine  prey  Stocks.  S.C.A.R.  should  be  establishing  an  interim 
Committee  to  review  sites  and  species  within  the  next  year,  which  would  require  funds. 
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The  Chairman  proposed  that  the  Secretaiy  should  be  informed  of  all  similar  devel- 
opments.  Prof.  G.  M.  Winterbottom  added  that  the  Cape  Bird  Club  proposed  to  hold 
a  Symposium  on  seabirds  in  South  Africa  in  1979,  and  the  Secretary  remarked  that  the 
(North  American)  Colonial  Waterbird  Group  would  be  holding  one  in  the  autumn  of 
1978  as  well.  Dr.  Gavin  Johnston  remarked  that  the  Australasian  Seabird  Group  was 
also  organising  a  meeting  for  the  Royal  Australasian  Ornithologists’  Union  on  Norfolk 
Island.  Dr.  Ralph  Schreiber  said  that  the  Pacific  Seabird  Group  had  already  held  three 
annual  meetings  of  200  people  and  proposed  to  have  another  in  California  in  January. 
Dr.  George  Watson  remarked  that  there  was  a  need  to  circulate  news  of  such  events, 
including  the  activities  of  the  Colonial  Waterbird  Group,  which  had  begun  to  take  an 
interest  in  the  behaviour  of  birds  at  sea  off  eastern  North  America.  The  Secretary 
remarked  that  each  group  already  had  a  newsletter  which  reported  the  activities  of  the 
others,  and  that  the  original  British  group  which  has  some  funds  derived  from  royalties 
for  the  book  reporting  its  national  census  also  intermittently  produces  a  printed  report. 

Dr.  Schreiber  remarked  that  many  of  the  activities  of  members  of  the  Pacific  Group 
had  depended  upon  United  States  government  finance,  and  were  now  running  into 
economic  difficulties.  The  Secretary  reported  that  the  British  group  had  similar  diffi- 
culties,  made  worse  by  a  shortage  of  people  prepared  to  undertake  the  administration. 
Dr.  Watson  remarked  that  there  was  room  for  more  rationalisation,  for  example  by 
combining  the  Pacific  and  Colonial  Waterbird  Groups  in  North  America,  though  their 
members  failed  to  agree.  Dr.  Finn  Salomonsen  commented  that  it  might  be  useful  if 
the  North  Americans  would  also  interest  themselves  in  Greenland,  but  Dr.  Watson 
said  that  the  American  Ornithologists’  Union  specifically  excludes  Greenland  from 
their  sphere  of  interest.  The  Secretary  remarked  that  there  is  a  great  need  for  more 
work  in  Iceland  and  Spitsbergen  as  well,  not  to  mention  the  Mediterranean,  before  we 
begin  to  consider  remoter  areas.  There  is  a  need  to  organise  more  distant  exploration. 

It  was  agreed  that  there  was  a  need  to  coordinate  policy  over  publications,  including 
news  of  meetings,  research  programmes  and  funds,  and  abstracts  of  talks  and  publica¬ 
tions.  Several  periodicals  such  as  the  Auk  would  be  prepared  to  take  abstracts,  and 
indeed  the  Emu  now  also  deals  with  Australasian  regional  ones.  Dr.  John  Coulson 
observed  that  marine  mammalogists  also  have  similar  problems  and  their  own  informa- 
tion  Service.  Dr.  Watson  was  requested  to  confer  with  the  Ghairman  and  Secretary 
and  report  back  to  the  Standing  Committee  with  a  policy  for  publications. 

It  was  noted  that  a  growing  number  of  regional  groups  are  now  studying  birds  at 
sea,  on  both  sides  of  the  North  Atlantic,  in  the  eastern  North  Pacific,  and  different 
parts  of  the  Southern  Ocean.  Dr.  Watson  remarked  that  recording  methods  became 
exhausting  when  every  bird  had  to  be  recorded  and  processed  manually,  while  compu- 
tors  are  expensive.  The  original  U.S.  Pacific  Program  had  lapsed  when  funds  were 
withdrawn,  but  Moncton  University  and  subsequently  the  Wrldlife  Service  had  subse- 
quently  secured  them  in  Canada.  There  was  a  need  to  standardise  techniques.  Dr. 
Coulson  observed  that  not  only  the  methods  but  their  use  in  different  situations  and 
the  way  in  which  the  results  are  reported  need  standardising  as  well.  Sir  Hugh  Elliott 
said  that  it  is  necessary  that  people  should  always  record  their  methods.  The  Secretary 
said  that  he  regretted  that  this  was  not  included  in  the  report  of  the  British  national 
breeding  census,  but  that  he  had  since  been  collecting  figures  for  the  whole  of  north- 
western  Europe  and  would  place  them  on  record  when  reporting  the  results. 
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It  was  remarked  that  in  addition  to  breeding  censuses  there  is  a  particular  need  to 
assess  and  standardise  methods  used  for  surveys  of  mortality.  In  Europa  they  are  now 
usually  expressed  in  terms  of  birds  per  kilometre  and  the  percentage  oiled,  and  compa- 
rable  figures  are  needed  for  other  parts  of  the  world.  Dr.  Watson  observed  that  there 
is  a  need  for  more  repeat  surveys  to  assess  how  many  bodies  are  really  coming  ashore. 
Dr.  John  Warham  remarked  that  the  more  detailed  surveys  tend  to  be  self-limiting 
because  nobody  wishes  to  deal  with  large  numbers  of  decaying  bodies.  Their  investiga- 
tion  tends  to  present  difficult  pathological  problems  as  well;  in  addition  to  pollution, 
considered  later,  they  may  also  die  naturally  in  a  variety  of  ways,  as  a  result  of  the 
weather,  or  poisoning  by  various  micro-organisms  such  as  dinoflagellates  at  sea  and 
botulism  inland,  or  epizootic  disease.  Dr.  C.  M.  Perrins  reported  that  there  is  now  a 
virologist  working  on  seabirds  at  the  Edward  Grey  Institute  and  appealed  for  material, 
especially  relating  to  puffinosis;  he  can  supply  details. 

The  meeting  on  Friday  afternoon,  which  was  chaired  by  Dr.  George  Watson,  began 
with  a  special  discussion  of  observations  at  sea.  The  Secretary  pointed  out  that  the  basic 
techniques  were  defined  by  Poul  Jesperson  in  the  1920s,  and  that  a  vast  mass  of  uncrit- 
ical  notes  have  been  amassed  since  the  1950s  by  the  Royal  Naval  Bird-watching 
Society  which  unfortunately  while  of  some  distributional  interest  defy  quantitative  ana- 
lysis;  and  the  Society  now  appears  to  be  giving  up  any  attempt  to  record  them  methodi- 
cally.  Dr.  Watson  reported  that  the  Smithsonian  Institution  workers  recorded  the 
number  of  birds  seen  per  nautical  mile  and  multiplied  this  by  a  factor  for  the  visibility 
to  obtain  densities,  though  he  had  doubts  about  the  distance  to  which  different  species 
can  be  seen.  It  was  reported  that  the  Guter  Gontinental  Shelf  Environmental  Assess¬ 
ment  Program  which  is  conducting  lavish  emergency  surveys  in  Alaska  is  determining 
the  distance  with  range-finders,  but  is  was  postulated  that  only  radar  might  prove  relia- 
ble.  The  Secretary  said  that  the  British  scheme  merely  recorded  birds  detected  with  the 
naked  eye,  as  this  was  less  fatiguing  and  they  could  all  normally  be  identified  with 
binoculars  if  necessary.  Dr.  Pierre  Devillers  remarked  that  there  are  many  other  fac- 
tors  besides  the  visibility  that  need  to  be  considered,  such  as  the  speed  of  the  bird  rela¬ 
tive  to  the  boat,  the  state  of  the  sea,  and  whether  the  birds  are  uniformly  distributed  or 
gathered  in  flocks. 

On  further  discussion  Dr.  Watson  agreed  that  possibly  the  most  useful  basic  record- 
ing  unit  is  a  short  period  of  time  such  as  ten  minutes,  which  is  used  on  opposite  sides  of 
the  North  Atlantic  by  first  the  Canadians  and  then  the  British.  This  is  short  enough  to 
allow  a  good  deal  of  flexibility  over  observation  periods  while  providing  a  sensitive 
indication  of  local  variations  in  distribution,  and  can  easily  be  combined  to  give  larger 
units.  It  was  noted  however  that  in  Alaska  a  period  of  fifteen  minutes  is  being  used 
instead,  which  does  not  facilitate  easy  conversions  and  comparisons.  Difficulties  are 
also  encountered  in  dealing  with  birds  dispersed  in  different  ways,  for  example  uni¬ 
formly,  in  flocks,  or  following  in  the  wake.  It  was  considered  that  space  should  be 
allowed  on  recording  cards  to  indicate  the  different  types  of  observation,  which  may 
have  to  be  analysed  separately.  It  was  considered  desirable  to  establish  a  subcommittee 
to  consider  recording  techniques. 

When  the  full  meeting  was  reconvened  it  returned  to  the  consideration  of  the  need 
for  surveys  of  breeding  birds.  A  number  in  north-west  Europe  have  led  to  increasing 
emphasis  on  the  need  for  better  census  techniques,  and  Dr.  John  Warham  said  that 
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even  worse  problems  are  encountered  where  there  are  more  burrowing  species  which 
nest  together  in  Australasia.  Dr.  John  Coulson  observed  that  once  a  crude  baseline  is 
established  there  is  usually  a  need  to  answer  specific  questions;  for  example  with  the 
Black-legged  Kittiwake  which  interests  him  there  is  now  increasing  evidence  for  adult 
mortality  leading  to  local  declines  complicating  the  sustained  general  increase.  The 
secretary  observed  that  current  policy  in  Britain  is  to  carry  out  general  surveys  at  long 
intervals,  keeping  a  check  on  the  Situation  between  them  with  sample  censuses,  and 
investigating  specific  problems  as  they  arise.  Dr.  Croxall  said  that  S.C.A.R.  is  pursuing 
the  same  policy  in  the  Southern  Ocean,  and  Dr.  Devillers  that  only  special  surveys  are 
possible  in  South  America,  where  it  would  be  particularly  worth-while  to  pay  more 
attention  to  Patagonia.  Sir  Hugh  Elliott  observed  that  there  is  also  a  need  for  further 
surveys  of  the  Tristan  da  Cunha  group,  where  the  number  of  Puffinus  gravis  on 
Nightingale  Island  has  apparently  doubled  from  two  to  four  million,  but  the  first  oil 
pollution  has  been  reported.  Dr.  Chris  Feare  reported  that  there  are  other  problems  in 
the  Indian  Ocean,  where  pollution  is  not  evident  yet,  but  the  boobies  in  particular  are 
being  killed  by  man  and  the  numbers  of  species  which  breed  throughout  the  year  are 
particularly  hard  to  assess.  Dr.  Devillers  enquired  about  the  Pacific,  and  Dr.  Warren 
King  said  that  as  far  as  is  known  there  are  only  occasional  specific  threats  at  the 
moment;  the  Secretary  observed  that  there  is  a  particular  need  for  more  news  from  the 
Western  North  Pacific  from  New  Guinea  north-west  to  China.  It  was  observed  that 
there  are  intermittent  wrecks  of  migrating  shearwaters  in  Japan,  where  more  is  now 
being  learnt  about  bird  movements  from  a  banding  programme. 

Dr.  King  then  commented  on  some  other  places  requiring  attention,  such  as  the 
coast  of  Venezuela,  and  Dr.  Bourne  added  the  Gulf  of  Guinea  and  Bay  of  Bengal, 
remarking  that  there  are  also  political  difficulties  in  such  areas.  Dr.  Devillers  pointed 
out  that  the  guano  birds  of  Peru  are  also  reduced  by  90  %,  and  casual  investigations 
from  the  north  are  insufficient.  It  was  concluded  the  most  important  subjects  for  con- 
cern  at  the  moment  are  the  Situation  in  western  South  America  and  where  birds  are 
being  caught  in  nylon  nets  in  the  Arctic.  Dr.  Glaude  Joiris  remarked  that  it  is  a  pity 
that  there  are  so  few  opportunities  for  investigation,  but  was  assured  that  there  are  now 
research  vessels  of  a  number  of  nations  available.  Dr.  King  reported  that  U.S.  observers 
are  now  also  accompanying  the  Japanes  fishing  vessels  reported  to  be  killing  half  a  mil¬ 
lion  birds  a  year  in  the  North  Pacific. 

Dr.  Schreiber  observed  that  human  visits  to  breeding  stations  are  becoming  an 
increasing  problem.  Whole  colonies  of  pelicans  and  Heermans  Gulls  Larus  heermanni 
have  been  wiped  out  in  the  Sea  of  Cortez.  There  is  a  need  to  control  tourism.  Dr. 
Bourne  observed  that  if  the  movements  of  tourists  are  regulated  the  birds  often  become 
adapted  to  their  presence.  Dr.  Watson  commented  on  the  particular  problem  presented 
for  the  Least  Tern  Sterna  albifrons  by  recreational  activities  on  its  breeding  beaches  all 
round  the  western  world.  In  the  eastern  USA  it  is  starting  to  nest  on  roof-tops.  Dr.  Jan 
Wattel  said  that  if  we  wish  to  retain  seabird  colonies  in  populated  areas  this  is  only 
possible  if  they  have  wardens. 

Further  problems  are  presented  by  introduced  mammals.  The  Secretary  said  he  had 
spent  a  good  deal  of  the  previous  winter  on  a  campaign  to  prevent  the  establishment  of 
a  mink  farm  in  the  Orkneys  next  to  the  second-largest  seabird  colony  in  Britain.  Dr. 
Feare  remarked  on  the  problems  presented  by  rats  in  the  Seychelles,  and  Dr.  Wattel 
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on  the  attempts  being  made  to  remove  introductions  from  the  Galapagos,  though  Dr. 
Devillers  said  that  there  had  been  local  administrative  difficulties.  Sir  Hugh  Elliott 
remarked  how  goats  had  been  removed  from  Tristan  da  Cunha  and  reduced  to  two  of 
the  same  sex  on  Round  Island,  Mauritius,  by  shooting.  Dr.  Warham  said  that  even  rab- 
bits  which  survive  on  Round  Island  had  been  eliminated  from  an  Island  off  Southern 
New  Zealand,  but  the  birds  now  suffered  from  another  introduction,  becoming  hooked 
on  African  Boxthorn.  On  Macquarie  Island  the  introduced  cats,  rabbits  and  rats  pre- 
sented  a  complex  problem  because  they  interact  on  each  other;  the  cats  possibly  do 
most  damage  but  the  rabbits  and  rats  may  be  hardest  to  eliminate.  It  was  resolved  that 
there  is  an  urgent  need  for  much  more  research  in  different  parts  of  the  world  to  find 
ways  to  eliminate  introductions. 

There  was  a  discussion  of  the  damage  caused  by  200,000  tons  of  crude  oil  from  the 
wreck  of  the  Amoco  Cadiz  in  northern  France  the  previous  spring.  It  was  a  compara- 
tively  light,  toxic  oil  and  most  of  the  birds  and  other  marine  life  which  encountered  it 
had  died  rapidly.  It  was  carried  high  on  the  shore  by  the  spring  tides,  and  penetrated  it 
for  several  metres,  though  the  superficial  deposits  had  now  been  washed  away.  It  had 
killed  a  number  of  birds  banded  in  Britain,  but  arrived  five  weeks  earlier  than  the  oil 
from  the  Torrey  Canyon  in  1967  and  had  less  effect  on  the  breeding  population.  The 
Puffins  Fratercula  arctica  on  the  Sept  lies  sanctuary  which  were  reduced  from  2000  to 
500  pairs  then  and  had  increased  to  800  pairs  were  down  to  400  pairs  again,  and  the 
Razorbills  Alca  torda  to  30  pairs.  Dr.  Coulson  observed  that  we  need  to  know  more 
about  the  ability  of  birds  to  respond  to  such  impacts,  especially  the  non-breeding  popu¬ 
lation.  Dr.  F.  CoETHE  reported  that  birds  are  also  sometimes  vulnerable  outside  the 
breeding  season,  for  example  where  most  north  European  Shelduck  Tadorna  tadorna 
moult  on  the  Knechtsand  in  the  late  summer,  and  where  a  large  part  of  the  sea-duck 
population  winter  in  the  Baltic. 

No  new  problems  had  been  noticed  with  toxic  Chemicals.  Following  the  control  of 
DDT  discharges  the  Brown  Pelicans  Pelecanus  occidentalis  are  now  laying  eggs  with 
thicker  shells  in  California.  The  Sandwich  and  Eittle  Terns  Sterna  sandvicensis  and  S. 
albifrons  are  beginning  to  recover  in  Holland,  where  there  have  also  been  problems 
with  effluents,  though  the  former  are  still  only  a  fifth  of  their  former  numbers.  The 
Cormorants  Phalacrocorax  carbo  have  increased  from  1200  to  2000,  but  the  number  of 
Eiders  Somateria  mollissima  remains  the  same.  It  was  reported  that  little  trouble  from 
pollution  has  been  noticed  in  Japan,  where  the  recent  bird  protection  treaty  is  resulting 
in  more  research  into  Conservation. 

Concern  was  expressed  about  the  increasing  number  of  plastic  pellets  being  ingested 
by  seabirds.  Dr.  Warham  reported  that  it  is  even  evident  in  New  Zealand,  where  many 
are  picked  up  by  White-faced  Storm-petrels  Peiagodroma  marina.  The  prions  Pachyptila 
sp.  also  pick  up  pumice  from  volcanic  eruptions,  and  young  albatrosses  Diomedea  sp. 
may  be  fed  a  variety  of  materials.  It  was  reported  that  pelicans  are  proving  particularly 
vulnerable  to  plastic  fishing  line  and  the  plastic  rings  used  to  link  the  tops  of  beer  cans, 
in  which  they  become  entangled. 

It  emerged  during  the  discussion  that  there  were  really  too  few  European  ornithol- 
ogists  present  for  a  useful  discussion  of  Continental  surveys,  but  that  there  was  little 
general  enthusiasm  for  either  further  breeding  surveys  at  the  present  time,  or  a  census 
of  wintering  gulls  proposed  by  Dr.  P.  Isenmann.  The  lauer  presents  considerably  more 
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difficulties  in  the  north  of  Europe,  where  the  number  of  birds  is  much  larger  and  they 
are  much  more  widely  distributed  than  in  the  south,  and  it  was  feit  that  considerably 
more  preparatory  work  with  local  surveys  and  the  development  of  census  techniques  is 
required  before  they  are  adopted  more  widely. 


W.  R.  P.  Bourne,  Secretary. 

Members  of  the  Committee 

Prof.  Dr.  K.  H.  Voous  (Chairman),  Maasdamlaan  28,  1272  EM  Huizen,  Netherlands. 

Dr.  W.  R.  P.  Bourne  (Secretary)  Department  of  Zoology,  University  of  Aberdeen,  Tillydrone 
Avenue,  Aberdeen,  AB9  2TN,  Scotland,  U.K. 

Dr.  R.  G.  B.  Brown,  Canadian  Wildlife  Service,  Bedford  Institute,  P.O.Box  1006,  Darmouth, 
Nova  Scotia,  B2Y  4A2  Canada. 

Dr.  J.  P.  Croxall,  S.C.A.R.,  British  Antarctic  Survey,  Madingley  Road,  Cambridge,  CB3  OET, 
England,  U.K. 

Dr.  P.  Devillers,  Institut  Royal  des  Sciences  Naturelles  de  Belgique,  13  rue  Vautier,  1040  Bruxel¬ 
les,  Belgium. 

Dr.  F.  Goethe,  Kirchreihe  19  B,  2940  Wilhelmshaven,  West-Germany. 

Dr.  J.  H.  Jehl,  Hubbs-Sea  World  Research  Institute,  1700  South  Shores  Road,  Mission  Bay,  San 
Diego,  California,  92109  U.S.A. 

Dr.  G.  Johnstone,  Antarctic  Division,  568  St.  Kilda  Road,  Melbourne,  Victoria,  3004  Australia. 

Mr.  C.  Jouanin,  Museum  National  d’Histoire  Naturelle,  55  rue  de  Buffon,  75  Paris  V,  France. 

Dr.  J.  L.  Mougin,  Museum  National  d’EIistoire  Naturelle,  55  rue  de  Buffon,  75  Paris  V,  France. 

Mr.  C.  J.  R.  Robertson,  New  Zealand  Wildlife  Service,  Department  of  Internal  Affairs,  Private 
Bag,  Wellington,  New  Zealand. 

Prof.  Dr.  W.  R.  Siegfried,  Percy  FitzPatrick  Institute  of  African  Ornithology,  University  of  Cape 
Town,  Rondebosch,  C.P.,  7700  South  Africa. 

Dr.  K.  Vermeer,  Canadian  Wildlife  Service,  Westham  Island,  P.O.Box  340,  Delta,  British  Colum¬ 
bia,  V4K  3Y3  Canada. 

Dr.  G.  E.  Watson,  National  Museum  of  Natural  History,  Smithsonian  Institution,  Washington, 
D.C.,  20560  U.S.A. 


PLENARVORTRAGE 


PLENARY  LECTURES 


70 


PRESIDENTIAL  ADDRESS 

Farner,  D.  S.:  The  Regulation  of  the  Annual  Cycle  of  the  White-crowned  Sparrow, 

Zonotrichia  leucophrys  gambelii .  71 

MEMORIAL  LECTURES 

Lorenz,  K.:  In  memoriam  Oskar  Heinroth .  83 

Mayr,  E.:  Problems  of  the  Classification  of  Birds,  a  Progress  Report.  Erwin  Stresemann 

Memorial  Lecture .  95 

PLENARY  LECTURES 

Aschoff,  J.:  Biological  Clocks  in  Birds .  113 

Keeton,  W.  T.:  Avian  Orientation  and  Navigation:  New  Developments  in  an  Old 

Mysteiy .  137 

Perrins,  C.  M. :  Survival  of  Young  Great  Tits,  .  159 


71 


The  Regulation  of  the  Annual  Cycle  of  the  White-crowned  Sparrow, 

Zonotrichia  leucophrys  gambelii 

Donald  S.  Farner 
Introduction 

The  White-crowned  Sparrow  is  one  of  the  five  species  of  the  widespread  New  World 
fringillid  genus  Zonotrichia.  Among  the  five  races  of  Zonotrichia  leucophrys,  gambelii  is  a 
typical  middistance  migrant.  Its  principal  breeding  ränge  is  in  western  Canada  and  Alaska. 
Its  principal  wintenng  ränge  extends  widely  through  southwestern  United  States  and 
northern  Mexico  with  isolated  wintering  populations  occurring  as  far  north  as  the  state  of 
Washington.  (Banks,  1964;  Cortopassi  &  Mewaldt,  1965;  Lewis  et  ah,  1968;  Mewaldt 
&  Farner,  1953).  Because  of  its  abundance  and  adaptability  to  captivity  this  race  has  been 
the  subject  of  extensive  investigations  in  both  field  and  laboratory  (for  selected  reviews,  see 
Blanchard  &  Erickson,  1949;  Farner,  1964,  1966,  1970,  1975;  Farner  &  Follett 
1966,  1978;  Farner  &  Lewis,  1971,  1973;  King  &  Farner,  1966;  Mewaldt  et  ah,  1968; 
Oksche  &  Farner,  1974). 

The  White-crowned  Sparrow,  like  other  species  that  inhabit  periodic  environments  of 
mid  and  high  latitudes,  has  evolved  a  control  System  that  generates  an  annual  cycle  in 
which  the  reproductive  effort  occurs  at  a  time  when  environmental  conditions  are  optimal 
for  survival  of  young  and  adults.  Since  the  reproductive  effort  is  certainly  a  most  important 
feature  of  the  annual  cycle,  it  follows  that  the  components  and  functions  of  the  control 
System  that  fix  the  time  of  reproduction  are  continuous  targets  of  natural  selection. 
However,  the  fitness  of  the  individual  White-crowned  Sparrow  depends  also,  to  varying 
degrees,  on  the  precision  of  the  timing  of  other  events  and  functions  in  the  annual  cycle. 
To  consider  a  single  event  or  phase  out  of  the  context  of  the  entire  cycle  can  result  in 
misleading  conclusions. 

It  is  both  useful  and  meaningful  to  examine  the  annual  cycle  from  the  aspect  of  the 
temporal  Separation  of  ergonically  expensive  functions,  such  as  reproduction,  molt  and 
migration;  available  trophic  resources;  and  day-light  hours  available  for  their  exploitation. 
A  precise  synthesis  of  these  aspects  with  respect  to  the  nature  and  adaptiveness  of  the 
control  System  has  not  been  achieved  for  any  species.  This  presentation  is,  in  a  sense,  an 
assessment  of  progress  toward  this  goal  with  the  White-crowned  Sparrow.  The  assessment 
is  directed  primarily  towards  the  race  gambelii  although  we  have  used  cautiously  other 
races  of  2.  leucophrys  and  other  species  as  well. 

The  reference  above  to  2.  /.  gambelii  as  a  “typical”  middistance  migrant  is  almost 
certainly  semantically  misleading.  Species  have  doubtless  invaded  mid  and  high  latitudes 
many  times  independently.  Relationships  among  the  neural  and  endocrine  components  of 
the  control  Systems  were  altered  by  selection  with  an  enhancement  of  fitness  with  respect 
to  the  new  environments.  Thus  it  seems  highly  probable  that  the  control  Systems  for 
similar  annual  cycles  may  differ  substantially  from  a  physiologic  aspect  (Farner,  1964, 
1970,  1975;  Farner  et  al.  1977;  Sansum  &  King,  1976). 
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The  annual  cycle 

As  noted  above,  it  is  informative  to  examine  the  annual  cycle  from  the  aspect  of  rates  of 
expenditure  of  energy.  For  this  purpose  the  following  somewhat  arbitrary  phases  can  be 
delineated  (Fig.  1):  (1)  Winter,  relatively  high  mean  daily  caloric  expenditure  for 
thermoregulation,  here  estimated  for  a  no-longer  existing  wintering  population  in  the  Snake 
River  Canyon  in  eastern  Washington  (Mahoney,  1976).  (2)  Prenuptial  molt.  (3) 
Vernal  migration.  Hyperphagia,  and  pre-  and  intramigratory  fat  deposition  that  provide 
energy  for  nocturnal  migratory  flight.  (4)  B reeding.  The  rate  of  energy  expenditure  in 
Figure  1  is  from  the  estimates  of  Maloney  (1976)  for  an  Alaskan  breeding  population.  (5) 
Postnuptial  molt.  (6)  Autumnal  migration.  Similar  to  (3)  but  somewhat  less 
intense. 


Winter  Solstice 


increased 

thermoregulation 


Autumnal  Equinox  —  ioor 
migration 

molt 


migration 


reproduction 

I 

Summer  Solstice 


Figure  1.  The  annual  cycle  of  Zonotrichia  leucophrys  gamhelii.  The  peripheral  numbers  are  estimates 
of  mean  daily  expenditures  of  energy  in  kJ  per  day  for  the  indicated  phases  of  the 
cycle.  See  text  for  sources  of  Information  and  bases  for  estimates.  Modified  from  Farner  (1964)  by  Miss  D. 

Vaihinger. 


It  must  be  emphasized  that  all  estimates  in  Figure  1  are  relatively  crude  approximations. 

The  estimates  for  the  mean  daily  energy  costs  for  migration  require  explanation.  Since 
we  have  no  directly  pertinent  data  i or  Zonotrichia  the  estimates  rest  on  several  assumptions 
and  calculations.  Although  some  populations  may  have  longer  routes,  the  estimates  in 
Figure  1  are  based  on  a  total  migratory  flight  of  3500  km  spread  over  a  period  of  60  days 
for  vernal  migration  and  70  days  for  fall  migration.  The  estimated  cost  of  flight  has  been 
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added  to  the  estimated  non-flight  energy  expenditure  for  the  period  and  the  sum  divided 
by  60  and  70  for  the  vernal  and  autumnal  periods,  respectively.  With  additional 
assumptions  the  costs  of  migratory  flight  have  been  estimated  (1)  from  the  measurements 
of  Tucker  (1968)  on  flight  by  Melopsittacus  undulatus  in  a  wind  tunnel;  (2)  on  indirect 
measurement  of  energy  cost  of  flight  hy  Fnngilla  coelebs  and  Pyrrhula  pyrrhula  (Dolnik, 
1970,  1975a;  Dolnik  &  Gavrilov,  1971a;  Dolnik  et  ah,  1963);  the  equation  of  Tucker 
(1971)  for  the  cost  of  flight  at  optimal  air  speed  and  his  equation  (1973)  for  energy  required 
at  minimum  cost  of  transport;  (4)  from  the  equation  of  Pennycuick  (1969)  that  relates 
energy  cost  of  flight  to  body  weight  and  lift-drag  ratio;  (5)  the  equation  of  Kendeigh  et  al. 
(1977)  for  energy  cost  of  flight;  (6)  the  equation  of  Berger  &  Hart  (1974)  for  maximum 
power  in  flight;  and  (7)  from  calculations  for  Zonotnchia  albicollis  by  Helms  (1968)  based 
on  data  on  weight  loss  by  Nisbet  et  al.  (1963).  For  the  vernal  migratory  period  these 
calculations  yield  estimates  ranging  from  95  to  140  kJ  per  day.  The  daily  expenditure 
varies,  of  course,  with  respect  to  migratory  activity.  The  total  expenditure  for  a  day  that 
includes  a  migratory  flight  of  200  km  may  exceed  135  kJ  somewhat  as  compared  with  80  kJ 
for  a  day  with  no  migratory  flight.  In  terms  of  energy  intake  the  bird  spreads  the  cost  of 
migratory  flight  by  the  use  of  previously  stored  fat.  In  vernal  migration  the  White- 
crowned  Sparrow  begins  a  migratory  flight  with  a  reserve  of  5—6  grams  of  fat;  in 
autumnal  migration  this  reserve  is  about  three  grams  (King,  1961a,  1963,  1967;  King  et 
ah,  1963).  A  gram  of  fat  yields  energy  sufficient  for  a  flight  of  about  140  kilometers  for  a 
bird  of  the  size  of  the  White-crowned  Sparrow  (Pennycuick,  1969). 

The  estimate  of  the  rate  of  energy  expenditure  during  postnuptial  molt  is  expecially 
tenuous  because  of  a  lack  of  sufficient  information  directly  pertinent  to  the  White-crowned 
Sparrow.  The  estimate  is  based  on  the  energy  cost  of  molting  in  Passer  domesticus 
(Blackmore,  1969;  Kendeigh  et  ah,  1977),  Fnngilla  coelebs  (Gavrilov  &  Dolnik, 
1974;  Kendeigh  et  ah,  1977)  and  Zonotrichia  albicollis  (Helms,  1968).  Although  the  cost 
of  the  growth  of  new  feathers  can  be  estimated  reasonably  well,  the  estimation  of  the  daily 
rates  of  expenditure  through  the  molting  period  is  confounded  by  changing  thermoregula- 
tory  requirements,  reduced  motor  activity  (e.g.  Dolnik,  1976b)  and  possibly  by  an 
increased  food  intake  to  provide  cystein  and  cystine  for  new  feathers  (Blackmore,  1969; 
Gavrilov  &  Dolnik,  1974;  Kendeigh  et  ah,  1977).  The  estimate  for  the  molting  period 
in  Figure  1  is  doubtless  the  least  certain  of  the  estimates. 

A  few  comments  concerning  the  rate  of  energy  expenditure  during  the  reproductive 
period  are  desirable.  The  estimates  of  Mahoney  (1976)  do  not  specifically  include  the  costs 
of  development  of  the  gonads  and  the  production  of  eggs.  The  energetic  costs  of  testicular 
development,  which  actually  occur  before  and  during  migration,  are  trivial  when  prorated 
over  the  entire  period  of  development  (King,  1973).  Most  of  the  development  of  the  ovary 
and  oviduct  occurs  after  the  female  arrives  in  the  breeding  territory  but  probably  does  not 
exceed  3  kJ  per  day  (King,  1973).  The  cost  of  a  five-egg  clutch  is  70-80  kJ  (King,  1973; 
personal  communication).  Because  the  phase  of  rapid  deposition  of  yolk  is  of  the  Order  of 
5-6  days  the  maximum  energy  per  day  used  for  the  synthesis  of  yolk  is  about  18.6  kJ 
(King,  personal  communication),  some  fraction  of  which  is  probably  drawn  from  fat 
reserves  (Wingfield  &  Farner,  1978  a,b).  A  recent  sophisticated  Investigation  of  the  cost 
of  incubation  by  female  2.  /.  oriantha  (Walsberg  &  King,  1978)  shows  convincingly, 
and  quite  contrary  to  frequently  expressed  beliefs,  that  the  metabolic  rate  of  the  incubating 
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female  is  actually  somewhat  lower  than  that  of  a  perching  bird  under  the  same  ambient 
conditions.  Caution  must  be  exercised,  however,  in  extendmg  this  conclusion  to  other 
species.  By  direct  measurement  of  oxygen  uptake  and  carbon-dioxide  release  Biebach 
(1977)  has  shown  that  the  rate  of  energy  expenditure  by  an  mcubatmg  female  Sturnus 
vulgaris  is  about  20%  greater  than  that  of  a  non-mcubatmg  female  at  the  same 
temperature. 

Indeed,  in  the  White-crowned  Sparrow,  the  lower  level  of  fat  reserves  and  the  intensity 
of  motor  activity  during  the  feeding  of  the  young  suggest  that  this  is  the  time  of  the  greatest 
expenditure  of  energy  during  the  reproductive  period.  Dolnik  (Kendeigh  et  ah,  1977) 
has  estimated  that  Chaffinches  cxpend  slightly  more  than  8  kJ  per  day  in  the  feeding  of 
young.  For  the  White-crowned  Sparrow  one  can,  nevertheless,  cautiously  conclude  that 
deviations  from  the  estimated  daily  expenditure  of  100  kJ  per  day  are  probably  not  very 
great.  Because  of  the  abundance  of  trophic  resources  and  the  very  long  days  in  which  they 
can  be  exploited,  it  can  be  surmized  that  accomodation  to  surges  in  daily  energy 
requirement  is  relatively  easy. 

An  important  feature  of  the  annual  cycle  is  the  role  of  fat  reserves  m  ergonically  intense 
functions  in  which  the  rate  of  energy  expenditure  may  temporarily  exceed  the  rate  of 
energy  intake,  or  in  which  intake  of  energy  is  not  possible.  The  conspicuous  examples,  of 
course,  are  the  vernal  and  autumnal  periods  of  migratory  fat  deposition  (King,  1961a, 
1963,  1972;  King  &  Farner,  1976).  White-crowned  Sparrows  also  deposit  fat  in  winter  as 
a  reserv'e  against  temporary  increases  in  thermoregulatory  requirements,  especially  in  long 
winter  nights  (King  &  Farner,  1966).  Although  the  deposition  of  fat  is  affected  by  a 
number  of  factors,  it  is  clear  that  extensive  deposition  invariably  involves  an  active, 
programmed  hyperphagia  in  which  an  appestat  is  set  to  maintam  or  restore  a  higher  level  of 
fat  reserves  (King,  1961b,  1972).  Although  the  adaptiveness  of  the  annual  cycle  in  fat 
reserves  is  clear,  the  physiology  of  its  control  and  regulation  remains  relatively  unsatisfac- 
tory  (King,  1972). 

Despite  the  crude  nature  of  the  estimates  of  daily  rates  of  energy  expenditure  in  Figure  1, 
two  significant  facets  become  clearly  apparent:  (1)  There  is  rigid  temporal  Separation  of 
ergonically  expensive  functions,  a  principle  that  holds  extensively,  but  not  completely,  for 
small  birds.  (2)  The  differences  in  mean  rates  of  daily  energy  expenditure  among  the  phases 
of  the  annual  cycle,  perhaps  somewhat  exaggerated  in  Figure  1,  are  relatively  small.  This  is 
accomplished  by  a  control  System  that  separates  ergonically  expensive  functions  and  that 
regulates  the  geographic  position  of  the  bird  through  the  course  of  the  cycle  towards  a 
minimization  of  costs  of  thermoregulation.  This  principle  also  appears  to  hold  for 
non-migratory  species  as  is  illustrated  well  for  Passer  domesticus  by  Kendeigh  et  al. 
(1977). 


Information  used  in  the  control  of  the  annual  cycle 

Because  the  Initiation  of  gonadal  development  occurs  while  White-crowned  Sparrows 
are  still  in  the  wintering  areas  and  because  the  onset  and  course  of  migration  must  be 
controlled  for  a  temporally  appropriate  arrival  in  the  breeding  area,  the  control  System 
must  use  Information  of  a  reliable  predictive  nature  (Farner,  1964,  1970,  1975).  The  basic 
information  used  by  the  control  System  is  day  length.  Long  days,  either  natural  or 
artificial,  induce  directly  gonadal  development,  complete  in  the  male  but  only  partial  in  the 
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female;  prenuptial  molt;  vernal  migratory  fattening  and  migratory  behavior.  None  of  these 
functions  occur  m  birds  held  on  short  days  for  more  than  two  years.  Long  days  induce 
indirectly  the  development  of  photorefractoriness,  and  hence  the  termination  of  gonadal 
function;  of  post-nuptial  molt;  and  of  autumnal  migratory  fattening  and  migratory 
behavior.  These  events  also  fail  to  occur  in  White-crowned  Sparrows  held  on  short  days. 
In  Fringilla  coelehs  there  is  a  very  precise  temporal  relationship  between  the  rate  of 
testicular  development,  which  is  a  function  of  day  length,  and  the  onset  of  photorefracto¬ 
riness,  postnutial  molt,  and  autumnal  migration  (Dolnik,  1975a,  b;  1976a;  Dolnik  & 
Gavrilov,  1972;  Gavrilov  &  Dolnik,  1974).  Our  less  extensive  information  on  the 
White-crowned  Sparrow  (D.  S.  Farner,  R.  S.  Donham  and  R.  A.  Lewis,  unpublished) 
mdicates  similarly  precise  relationships.  The  relationship  between  regression  of  the  gonads 
and  the  post-nuptial  molt,  however,  requires  additional  comment.  Field  observations 
(Morton  et  ah,  1969;  Wingfield  &  Farner,  1977,  1978a,  b)  and  the  results  of  some 
laboratory  experiments  (Farner,  1964;  D.  S.  Farner,  R.  S.  Donham,  unpublished 
results)  suggest  a  dose  functional  relationship  between  regression  of  the  gonads  and  the 
onset  of  molt.  Fiowever,  White-crowned  Sparrows  held  on  12L  12D  failed  to  molt 
following  regression  of  the  testes,  and  photorefractory  birds  held  for  six  years  on  20-hour 
days  molted  somewhat  irregularly  in  the  absence  of  testicular  cycles. 

The  adaptiveness  of  the  photorefractory  state  in  the  discontinuation  of  gonadal  function 
and  consequently  in  the  avoidance  of  unseasonal  reproductive  effort  is  clear.  Fiowever,  its 
Physiologie  basis  remains  unknown  (Farner,  1964,  1975;  Farner  &  Follett,  1966, 
1968).  Photorefractory  males  held  as  long  as  six  years  on  long  days  fail  to  undergo 
testicular  development  (D.  S.  Farner,  R.  S.  Donham,  R.  A.  Lewis,  unpublished;  see 
also  Sansum  &  King,  1976).  The  short  days  of  late  autumn  thus  constitute  essential 
information  in  the  control  of  the  annual  cycle. 

The  phenological  schedule  of  the  breeding  area  varies  somewhat  from  year  to  year  and 
White-crowned  Sparrows  adjust  the  onset  of  reproductive  activity  accordingly.  This 
means  that,  in  addition  to  day  length,  the  control  System  must  use  additional  sources  of 
information  to  effect  a  fine  adjustment  of  the  onset  of  reproductive  activity. 

Examined  in  detail,  the  control  of  the  annual  cycle  involves  an  interplay  of  external  and 
internal  information  that  is  translated  into  neural  and  hormonal  information  (Farner, 
1970,  1978;  Farner  &  Lewis  1971): 

External  information 
Primary  external  information: 

As  emphasized  above  day  length  is  the  essential  and  most  important  external  source  of 
information.  Theoretically,  there  are  at  least  three  ways  in  which  the  annual  photocycle 
can  be  used  as  a  source  of  information:  (1)  As  a  Zeitgeber  for  an  endogenous  circannual 
cycle  (See  Internal  information  below).  (2)  As  a  direct  driver,  via  the  hypothalamus,  of 
the  functions  that  cause  gonadal  growth,  hyperphagia,  migratory  behavior,  etc.  (3)  As 
activator  of  the  first  in  a  chain  of  events  that  follow  each  other  automatically  through  the 
completion  of  autumnal  migration.  2.  and  3.  are  not  necessarily  mutually  exclusive. 
And,  indeed,  a  combination  of  2.  and  3.  seems  to  provide  the  best  rationalization  for  our 
present  knowledge  of  System. 
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Secondary  external  information; 

These  sources  of  information  are  designated  as  secondary  since  they  are  effective  in  the 
control  of  the  annual  cycle  only  after  the  cycle  has  been  induced  by  long  days. 

(1)  Modifying  information  alters  the  temporal  course  of  the  cycle,  especially  during  the 
latter  part  of  vernal  migration  and  after  arrival  in  the  breeding  area,  but  also  in  autumnal 
migration.  Included  in  this  category  are  environmental  temperature,  trophic  conditions,  the 
physical  structure  of  the  environment,  for  example,  the  depth  of  snow  on  the  breeding 
territories  (Morton,  1976;  Oakeson,  1954;  D.  S.  Farner,  unpublished  observations). 
Other  modifying  information  associated  with  the  breeding  territory,  perhaps  interaction 
with  the  female,  extends  the  time  during  which  the  testes  are  fully  functional  and  increases 
the  rate  of  secretion  of  gonadotropins  and  testosterone. 

(2)  Essential  supplemental  information  is  of  special  importance  with  respect  to  the 
female  since  long  days  alone  can  induce  development  of  the  ovary  only  to  the  begmning  of 
the  yolk-deposition  phase  (Farner  et  al.  1966;  Farner  &  Lewis,  1971;  King  et  al.  1966; 
Kern,  1972).  This  final  phase  in  the  development  of  the  ovary,  which  occurs  in  upwards  of 
10  days,  requires  essential  supplemental  information  derived  apparently  from  the  breeding 
territory  and  interaction  with  the  territory-holding  male.  However,  the  Situation  is 
apparently  complex  since  long-day  treatment  of  eyeless  females  leads  to  an  apparently 
normal  deposition  of  yolk  and  development  of  the  oviduct  (Yokoyama  &  Farner,  1976). 
Thus  it  may  be  that  inhibitory  external  information  normally  counteracts  partially  the 
effect  of  long  days  so  that  the  final  stage  of  development  of  the  ovary  is  not  attained  until 
the  inhibitory  information  is  no  longer  received. 

Internal  information 

Although  the  distinction  is  not  alway  clear,  it  is  useful  to  recognize  two  general 
categories  of  intrinsic  information,  both  of  which  are  often  modified  or  synchronized  by 
external  information. 

Endogenous,  self-sustaining  rhythms: 

It  is  increasingly  clear  that  the  temporal  Organization  of  life  involves  numerous  or  many 
self-sustained  endogenous  oscillating  functions.  In  birds  extensive  attention  has  been 
given  to  circadian  and  circannual  rhythms.  But  others  may  also  prove  to  be  of 
importance. 

(1)  Circadian  rhythms.  These  rhythms,  which  have  natural  periods  of  approximately  24 
hours,  are  entrained  into  precise  daily  cycles  by  the  daily  environmental  photocycle 
(Zeitgeber).  They  are  of  fundamental  importance  in  the  basic  temporal  Organization  of 
organisms.  (For  a  review  of  circadian  functions  in  birds,  see  Gwinner,  1975).  In  the 
White-crowned  Sparrow,  it  is  clear  for  example,  that  the  mechanism  that  measures  day 
length  contains  a  circadian  component  (Farner,  1975;  Sansum  &  King  1975;  Turek, 
1972). 

(2)  Circannual  rhythms.  There  is  an  abundance  of  evidence  from  a  number  of  passerine 
species  concerning  the  existence  of  such  rhythms  in  birds  held  on  constant  day  lengths, 
often  12  hours  (e.g.,  Berthold,  1974,  1977;  Gwinner,  1975,  1977a,  b).  This  is  supportive 
of  a  hypothesis  that  annual  cycles,  including  that  of  reproduction,  of  photoperiodic  species 
of  birds  are  endogenous  circannual  cycles  for  which  the  role  of  the  environmental 
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photocycle  is  that  of  a  Zeitgeber  (Aschoff,  1955;  Dolnik  1974,  1976a;  Gwinnfr  1977  a, 
b;  Immelmann,  1967).  Although  the  physiologic  basis  of  the  circannual  rhythms  thus  far 
described  is  entirely  unknown,  the  hypothesis  is  nevertheless  attractive.  However,  at  least 
in  its  simplest  form  it  appears  to  be  inconsistent  with  several  of  the  physiologic  properties 
of  the  control  System  of  the  White-crowned  Sparrow  (Farner  &  Lewis,  1973;  Farner  & 
Follett,  1978;  King  &  Farner,  1974;  Sansum  &  King,  1976). 

The  Information  used  by  the  female  requires  additional  comment  since  the  time  span  of 
the  fully  functional  ovary  is  consicferably  briefer  but  more  adjustable  than  that  of  the  testes 
(Kern,  1972;  King  et  ah,  1966;  Wingfield  &  Farner,  1978b).  It  is  therefore  the  female 
that  ultimately  provides  the  fine  adjustment  of  the  time  of  onset  of  the  reproductive  effort. 
This  is,  of  course,  adaptive  in  the  sense  of  the  relatively  greater  cost  of  the  clutch  in 
comparison  with  cost  of  production  spermatozoa  (King,  1973).  The  role  of  day  length  in 
the  development  of  the  functional  ovary  is  dual:  long  days  are  essential  for  development 
up  to  the  onset  of  the  phase  of  yolk  deposition.  By  induction  of  the  functional  testis  and 
consequent  sexual  behavior  of  the  male  they  provide  indirectly  one  of  the  sources  of 
essential  supplemental  Information  for  the  femal. 

Still  undefmed  with  respect  to  sources  of  information,  is  the  phenomenon  of  renesting 
when  a  clutch  or  nest  is  lost  early  in  the  breeding  season.  In  males  there  is  a  recrudescense 
of  the  testes,  doubtless  due  to  an  increase  in  secretion  of  FSH,  and  increases  in  the  plasma 
levels  of  LH  and  testosterone.  In  females  the  ovary  quickly  returns  to  full  functional  state, 
doubtless  because  of  increased  secretion  of  gonadotropins  (Wingfield  &  Farner,  1978b, 
1979). 


The  control  of  the  annual  reproductive  cycle 

When  male  White-crowned  Sparrows  that  have  been  held  under  short  days,  either  under 
natural  winter  conditions  or  artificially  in  the  laboratory,  are  exposed  artificially  to  long 
days  of  constant  duration,  the  testes  grow  as  a  logarithmic  function  of  time  until  they 
approach  half  of  maximum  size  after  which  the  growth  rate  becomes  progressively  lower 
(Farner  &  Wilson,  1957).  Since  LH  is  apparently  solely  steroidogenic  (Brown  et  ah, 
1975),  at  least  the  logarithmic  phase  of  development  may  be  assumed  to  be  caused  by  FSH. 
A  similar  pattem  of  ovarian  growth  occurs  in  artificially  photostimulated  females  but,  as 
noted  above,  it  ceases  before  the  onset  of  deposition  of  yolk  (Farner  et  ah,  1966).  The 
logarithmic  growth  rate  is  a  positive  function  of  the  duration  of  the  long  days  to  which  the 
bird  is  exposed  (Farner  &  Wilson,  1957).  This  indicates  that  the  control  System  must 
somehow  measure  day  length. 

In  the  White-crowned  Sparrow,  as  in  at  least  some  other  photoperiodic  species 
(Farner,  1975;  Farner  &  Lewis,  1971;  Farner  &  Follett,  1978),  the  mechanism 
contains  a  circadian  oscillator.  Results  from  a  number  of  experiments  (Follett  et  ah, 
1974;  Farner,  1975)  are  consistent  with  a  so-called  internal  coincidence  model,  first 
proposed  by  Bünning  (1936)  and  subsequently  refined  by  Pittendrigh  &  Minis  (1964). 
This  model,  as  applied  to  the  White-crowned  Sparrow,  assumes  the  involvement  of  an 
entrained  circadian  oscillation  in  photosensitivity,  normally  entrained  so  that  its  photosen¬ 
sitive  phase  occurs  approximately  between  hours  8  and  22  after  dawn.  When  the  day  is 
sufficiently  long  to  extend  into  the  photosensitive  phase  the  photoperiodic  responses,  e.g. 
increased  secretion  of  gonadotropins,  gonadal  growth,  migratory  hyperphagia  and  fatten- 
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mg,  and  migratory  behavior  are  induced.  It  is  firmly  emphasized,  however,  that  this  is  only  a 
model  and  that  there  is  no  direct  evidence  for  an  oscillation  in  photosensitivity. 

Other  models  may  be  applicable.  Dolnik  ( 1976a),  for  example  has  proposed  an  internal 
coincidence  model  ior  Passer  domestiCMS  and  ior  Fringilla  coelebs.  However,  at  least  in  its 
present  form,  it  makes  predictions  that  are  mconsistent  with  results  that  we  have  obtamed 
with  experiments  on  the  White-throated  Sparrow  and  with  the  House  Sparrow.  Meier  and 
bis  colleagues  (e.g.  Meier,  1976)  have  developed  a  sophisticated  internal  coincidence 
model  for  the  photopenodic  control  System  of  the  White-crowned  Sparrow.  The  model  is 
complex  in  that  it  mvolves  separate  photoinducible  phases,  one  for  LH  and  another  for 
FSH  and  prolactin,  and  rests  further  on  phase  relationships  between  daily  cycle  m  plasma 
concentrations  of  corticosterone  and  prolactin.  Because  we  still  lack  microassays  for 
plasma  levels  of  FSH  and  prolactin  in  Zonotnchia  we  have  been  unable  to  test  the  model  m 
the  White-crowned  Sparrow.  Nevertheless,  it  seems  highly  probable  that  prolactin  is 
somehow  mvolved  in  the  mduction  and  control  of  migratory  fattenmg  and  migratory 
behavior  (Meier  et  ah,  1965). 

The  photoreceptors  of  the  photopenodic  control  System  of  the  White-crowned  Sparrow 
are  encephahc.  Such  encephahc  receptors,  first  descnbed  functionally  by  Benoit  (1935a, 
b)  more  than  four  decades  ago,  may  well  be  general  among  birds.  In  the  White-crowned 
Sparrow  they  are  probably  morphologically  unspecialized  neurones  that  lie  extensively, 
although  probably  not  exclusively,  in  the  ventral  hypothalamus  (Yokoyama  et  ah,  1978). 
Since  light  from  the  tip  of  a  single  fine  light-conducting  fiber  can  induce  testicular  growth 
(Yokoyama  et  ah,  1978)  and  migratory  behavior  (Yokoyama  &  Farner,  1978)  compa- 
rable  to  that  of  an  intact  bird  held  on  long  days,  it  must  be  assumed  that  the  System  has  a 
very  substantial  capability  for  amplification.  Results  of  investigations  by  Menaker  and  his 
associates  (McMillan  et  ah,  1975)  make  it  extremely  unlikely  that  retinal  receptors  have 
any  stimulatory  role  whatsoever  in  the  photoperiodic  control  System.  On  the  contrary,  as 
noted  above,  Information  from  the  retina  may  have  an  inhibitory  function  (Yokoyama  & 
Farner,  1976). 

It  appears  that  elements  of  two  nuclear  regions  of  the  hypothalamus  are  essential  for  the 
control  of  gonadotropic  function  in  photoperiodic  species  of  birds,  including  the 
White-crowned  Sparrow;  (1)  Tuberal  region,  including  the  infundibular-nucleus  complex 
with  which,  in  addition  to  others,  the  photoreceptor  System  is  probably  associated 
(Oksche  &  Farner,  1974;  Stetson,  1969;  Wilson,  1967;  Yokoyama,  1976).  (2)  The 
preoptic  region  (Assenmacher,  1958;  Follett,  1973;  Novikov  &  Rudneva,  1964; 
Oksche,  1978;  Oksche  &  Farner,  1974).  Under  photoperiodic  Stimulation  neuronal 
elements  of  these  two  regions  interact  in  a  manner  that  is  not  yet  understood.  The  result  of 
this  interaction,  however,  is  the  transfer  of  gonadotropin-releasing  neurohormones  from 
the  endings  of  axions  of  the  tuberohyphophysial  tract  in  the  median  eminence  into  blood 
capillaries  of  the  portal  System  of  the  anterior  pituitary  gland.  These  neurohormones  then 
induce  the  synthesis  and  release  of  the  gonadotropic  hormones.  The  elevated  plasma  levels 
of  gonadotropic  hormones  in  the  photostimulated  bird  are  limited  by  negative  feedback 
effects  of  sex  hormones  and  adjusted  by  the  effects  of  modifying  and  essential  supplemen- 
tal  Information  in  the  hypothalamus,  both  mediated  through  the  hypophysis  (Fig.  2). 

It  is  clear  that  our  knowledge  of  the  above  described  conversion  of  day  length  as  external 
information,  first  into  neural  Information,  and  finally  into  altered  plasma  levels  of  pituitary 
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Figure  2.  Selected  components  and  functions  of  the  System  that  Controls  the  annual  reproductive 
cycle  and  related  functions  in  Zonotrichia  leucophrys  gambelii.  Prepared  by  Dr.  J.  C.  Wingfield. 


hormones  is  sketchy.  The  results  of  investigations  accumulated  thus  far  serve  largely  to 
define  and  identify  the  fascinating  and  challenging  research  problems  that  lie  before  us. 

The  endocrine  effects  of  modifying  and  essential  supplementary  information 

Because  of  the  ease  with  which  day  length  can  be  manipulated  experimentally,  its  role  in 
the  endocrine  control  of  reproductive  function  has  been  extensively  quantified  (Farner, 
1975;  Farner  &  Follett,  1978).  The  endocrine  effects  of  modifying  and  essential 
supplementary  information,  especially  in  a  feral  species  such  as  the  White-crowned 
Sparrow,  are  much  more  difficult  to  assess.  Fdowever,  comparison  of  plasma  levels  of 
hormones  and  hormonally  induced  functions  m  photoperiodically  stimulated  captive  birds 
with  those  of  birds  in  breeding  territories  permit  crude  but  useful  comparisons  (Wing- 
eield  &  Farner,  1977,  1978a,  b,  1979;  Farner,  1978). 

The  most  striking  effect  of  essential  supplementary  information  is  in  the  female.  As 
already  noted,  the  ovary  fails  to  reach  the  final  stage  of  development  under  photoperiodic 
Stimulation  alone.  Although  we  have  thus  far  been  unable  to  measure  FSFI  in  plasma  and 
therefore  lack  direct  evidence,  it  is  reasonable  to  assume  that  this  is  due  primarily  to  a 
deficit  of  FSFd  although  the  plasma  level  of  LFi  attained  by  photostimulated  captive 
females  is  somewhat  lower  than  that  of  breeding  females  under  natural  conditions. 
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Captive  male  White-crowned  Sparrows,  unlike  females,  develop  fully  functional  gonads 
when  held  on  long  days.  Nevertheless,  comparisons  with  breeding  males  demonstrate 
effects  of  modifying  Information.  The  testes  of  the  latter  develop  to  somewhat  greater  size 
and  remain  fully  developed  for  a  longer  time.  This  doubtless  reflects  a  somewhat  higher  of 
secretion  of  FSH  over  a  longer  span  of  time.  The  level  of  LH  is  higher  and  the  resulting 
level  of  testosterone  is  conspicuously  greater.  Since  the  latter  has  a  role  in  maintenance  of 
spermatogenesis  (e.g.,  Desjardins  &  Turek,  1977),  it  may  account  for  the  longer 
persistence  of  the  functional  testis  (Wingfield  &  Farner,  1979).  The  mechanisms  by 
which  non-  photoperiodic  environmental  Information  alters  the  basically  photopenodic 
pattem  of  endocrine  control  of  reproduction  remain  one  of  the  most  challengmg  research 
areas  in  avian  endocrinology  and  ethology. 

Resume 

The  control  System  for  the  annual  cycle  of  the  White-crowned  Sparrow,  2.onotnchia 
leucophrys  gamhelii,  is  adaptive  in  that  young  are  produced  at  a  time  when  conditions  are 
optimal  for  survival  of  the  young  and  their  parents.  Ergonically  expensive  functions  are 
separated  in  time  and  are  so  arranged  that  the  daily  expenditure  of  energy  does  not  vary 
widely  during  the  course  of  the  cycle.  Use  of  controlled  reserves  of  fat  permit  temporary 
high  rates  of  expenditures  with  relatively  smaller  increases  in  energy  intake  distnbuted 
over  a  greater  span  of  time. 

The  Principal  and  basic  source  of  Information  used  by  the  control  System,  and 
particularily  by  the  hypothalamus,  is  day  length  which  the  System  measures  by  a 
mechanism  with  a  circadian  component.  Photoreception  is  encephalic.  The  receptors  occur 
largely,  if  not  exclusiv ely,  in  the  hypothalamus.  Long  days  mduce  directly,  by  increases  m 
plasma  levels  of  gonadotropins,  the  development  of  the  gonads  and  also  in  a  more  complex 
manner,  vernal  migration,  including  pre-  and  intramigratory  hyperphagia  and  fat  deposi- 
tion.  The  fine  temporal  adjustment  of  the  onset  of  the  breeding  season  involves  modifying 
environmental  Information.  The  photostimulated  female  recjuires  additional  essential 
supplementary  Information  for  completion  of  the  development  of  the  reproductive  System 
and  accompanying  sexual  behavior. 

Reproductive  function  is  discontinued  by  the  development  of  a  photorefractory  state  in 
which  the  secretion  of  gonadotropin  is  drastically  curtailed.  It  is  apparently  an  indirect 
effect  of  the  long  days  of  spring  and  early  summer.  Photorefractoriness  is  eliminated  by 
some  effect  of  shorter  days  in  autumn.  Other  apparently  indirect  effects  of  long  days  are 
the  postnuptial  molt  and  autumnal  migration. 

The  available  information  on  the  control  of  the  annual  cycle  is  not  consistent  with  the 
hypothesis  that  the  role  of  day  length  is  that  of  a  Zeitgeber  for  an  endogenous  circannual 
cycle  although  it  may  prove  to  be  consistent  with  a  rather  fundamental  modification 

thereof. 
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In  memoriam  Oskar  Heinroth 

Konrad  Lorenz 


Oskar  Heinroth  ist  der  Vater  der  vergleichenden  Verhaltensforschung  oder  Ethologie. 
Diese  Forschungsweise  zu  definieren  ist  nicht  schwer.  Sie  kennzeichnet  sich  dadurch,  daß 
sie  auf  das  Verhalten  von  Tieren  und  Menschen  dieselben  Fragestellungen  und  Methoden 
anwendet,  die  in  allen  anderen  Zweigen  der  Biologie  seit  Charles  Darwin  selbstverständ¬ 
lich  waren.  Es  ist  keine  falsche  Bescheidenheit  von  meiner  Seite,  wenn  ich  den  Ehrentitel 
Vater  der  Ethologie  ablehne,  er  gebührt  wirklich  Oskar  Heinroth;  alle  wesentlichen 
Erkenntnisse,  auf  denen  sich  die  heutige  vergleichende  Verhaltensforschung  aufbaut, 
finden  sich  bei  ihm  meistens  expressis  verbis,  seltener  auch  zwischen  den  Zeilen,  aber  auch 
dort  deutlich  genug.  Heinroth  hat  auch  die  Anwendbarkeit  vergleichender  Verhaltens¬ 
forschung  auf  menschliche  Belange  voll  erkannt,  ja  sogar  deren  wichtigste  Ergebnisse 
vorausgeahnt.  Er  sagt  am  Schluß  seiner  klassischen  Arbeit  ,, Beiträge  zur  Biologie, 
insbesondere  Psychologie  und  Ethologie  der  Anatiden“:  ,,Die  Sauropsidenreihe  hat  hier 
ganz  ähnliche  Affekte,  Gebräuche  und  Motive  entwickelt,  wie  wir  sie  bei  uns  Menschen 
gewöhnlich  für  verdienstvoll,  moralisch  und  dem  Verstand  entsprungen  heißen.  Das 
Studium  der  Ethologie  der  höheren  Tiere  -  leider  ein  noch  sehr  unbeackertes  Feld  -  wird 
uns  immer  mehr  zu  der  Erkenntnis  bringen,  daß  es  sich  bei  unserem  Benehmen  gegen 
Familie  und  Freunde,  beim  Liebeswerben  und  ähnlichem  um  rein  angeborene,  viel 
primitivere  Vorgänge  handelt,  als  wir  gemeinhin  glauben.“ 

Um  die  Bedeutung  Heinroths  und  auch  die  seines  amerikanischen  Bruders  im  Geiste, 
Gharles  Otis  Whitman,  richtig  einzuschätzen,  muß  man  die  Lehrmeinungen  bedenken, 
die  in  der  Psychologie  und  Soziologie  zu  jener  Zeit  herrschten.  Es  war  der  Meinungsstreit 
zwischen  zwei  großen  Psychologen-Schulen,  der  das  Eindringen  biologischen  Denkens  in 
die  Psychologie  verhinderte,  ja  zu  Teil  noch  verhindert.  Die  Erbitterung,  mit  der  dieser 
Meinungsstreit  ausgefochten  wurde,  war  vor  allem  durch  die  weltanschauliche  Verschie¬ 
denheit  der  Gegner  genährt.  Die  Schule  der  Zweckpsychologie  (purposive  psychology), 
die  vor  allem  von  William  Mac  Dougall  und  späterhin  von  Edward  Ghase  Tolman 
vertreten  wurde,  postulierte  einen  außernatürlichen  Faktor:  Der  ,, Instinkt“  wurde  als  ein 
Agens  betrachtet,  das  einer  natürlichen  Erklärung  weder  bedürftig,  noch  zugänglich  ist. 
,,Wir  betrachten  den  Instinkt,  aber  wir  erklären  ihn  nicht“,  schrieb  Bierens  de  Haan 
noch  1940.  Diesem  Begriff  des  Instinktes  haftete  stets  auch  die  Vorstellung  von  seiner 
Unfehlbarbeit  an.  MacDougall  lehnte  alle  mechanistischen  Erklärungen  des  Verhaltens 
ab,  z.  B.  betrachtete  er  es  als  eine  Auswirkung  des  Instinktes,  wenn  Insekten  zweckmäßi¬ 
gerweise  dem  Hellen  zustreben,  die  Möglichkeit  einer  mechanistischen  Erklärung  durch 
Tropismen  gab  er  nur  dort  zu,  wo  diese  Tiere  höchst  unzweckmäßigerweise  in  ein 
brennendes  Licht  fliegen.  In  allem,  was  sie  tun,  verfolgen  die  Tiere,  nach  Meinung 
MacDougalls  und  seiner  Schule  einen  Zweck  (purpose),  und  dieser  Zweck  ist  von  ihrem 
außernatürlichen  und  untrüglichen  Instinkt  gesetzt. 

Die  Schule  des  Behaviorismus  (von  engl,  behaviour  =  Verhalten)  kritisierte  mit  Recht 
die  Annahme  außernatürlicher  Faktoren  als  unwissenschaftlich  und  stellte  die  Forderung 
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nach  ursächlicher  Erklärung.  In  ihrer  Methodik  suchte  sie  sich  möglichst  weit  von 
derjenigen  der  Zweckpsychologen  abzusetzen.  Sie  betrachtete  das  kontrollierte  Experi¬ 
ment  als  einzig  legitime  Wisssensquelle.  Empirische  Methoden  sollten  an  Stelle  philosophi¬ 
scher  Spekulation  treten. 

Mit  Ausnahme  einer  gewissen  Geringschätzung  der  einfachen  Beobachtung  enthielt 
dieses  Programm  keinen  methodologischen  Fehler,  dennoch  zeitigte  es  eine  böse  Folge:  Es 
konzentrierte  das  gesamte  Forschungsinteresse  auf  jene  Anteile  tierischen  und  menschli¬ 
chen  Verhaltens,  mit  denen  sich  am  besten  experimentieren  ließ  -  und  führte  so  zum 
Erklärungs-Monismus. 

Aus  einer  Kombination  der  Assoziationslehre 'Wilhelm  Wundts  mit  der  zur  Zeit  in  der 
Psychologie  herrschenden  Reflex-Theorie,  sowie  mit  den  Ergebnissen  I.  P.  Pawlows  ließ 
sich  leicht  ein  Verhaltensmechanismus  abstrahieren,  dessen  Beschaffenheit  ihn  zum  idealen 
Objekt  experimenteller  Forschung  stempelte,  nämlich  die  sogenannte  bedingte  Reaktion. 

Zu  seiner  Zeit  war  das  Verfahren  der  Behavioristen  mit  seiner  korrigierenden  Kritik  an 
den  Meinungen  der  Purposivisten  durchaus  begrüßenswert.  Unmerklich  aber  schlich  sich 
ein  verderblicher  logischer  Fehler  in  das  behavioristische  Denken  ein:  Weil  man  nur  die 
Lernvorgänge  experimentell  untersuchen  kann  und  alles  Verhalten  experimentell  untersucht 
werden  muß,  dann  muß,  so  schloß  die  behavioristische  Lehrmeinung,  alles  Verhalten 
erlernt  sein  -  was  natürlich  nicht  nur  logisch  falsch,  sondern  auch  faktisch  ein  vollkomme¬ 
ner  Unsinn  ist. 

Das  Wissen  um  die  gegnerische  Meinung  und  die  berechtigte  Kritik  an  ihr  drängten 
sowohl  Purposivisten  wie  Behavioristen  in  extreme  Stellungen,  die  weder  die  einen  noch 
die  anderen  sonst  eingenommen  hätten.  Waren  die  einen  von  einer  mystischen  Ehrfurcht 
vor  dem  ,, Instinkt“  erfüllt  und  trauten  dem  Angeborenen  übergroße  Leistungen,  ja  sogar 
Unfehlbarkeit  zu,  so  leugneten  die  anderen  seine  Existenz.  Die  Purposivisten,  die  offene 
Augen  für  angeborene  Verhaltensweisen  hatten,  hielten  alles  Instinktive  für  unerklärlich 
und  weigerten  sich,  wie  Bierens  de  Haan,  seine  Kausalanalyse  auch  nur  zu  versuchen. 
Diejenigen,  die  sehr  wohl  fähig  und  bereit  gewesen  wären,  eine  solche  analytische 
Forschung  in  Angriff  zu  nehmen,  leugneten  die  Existenz  von  irgend  etwas  Angeborenem 
und  erklärten  dogmatisch  alles  Verhalten  für  erlernt.  Das  wahrhaft  Tragische  an  dieser 
historischen  Situation  liegt  darin,  daß  die  Purposivisten,  vor  allem  MacDougall  selbst, 
Tierkenner  waren  und  ein  gutes  Allgemeinwissen  über  tierisches  Verhalten  besaßen,  das 
den  Behavioristen  auch  heute  noch  abgeht,  da  sie  die  einfache  Beobachtung  für  unnötig,  ja 
für  ,, unwissenschaftlich“  halten.  Es  kommt  einem  wahrlich  der  Ausspruch  Fausts  in  den 
Sinn  ,,Was  man  nicht  weiß,  das  eben  brauchte  man,  und  was  man  weiß,  kann  man  nicht 
brauchen“. 

Die  Stärke  der  hemmenden  Wirkung,  die  der  eben  besprochene  Meinungsstreit  ausübte, 
ist  am  besten  dadurch  bewiesen,  daß  es  nicht  Psychologen,  sondern  zwei  Zoologen  waren, 
die  den  gordischen  Knoten  durchtrennten:  Oskar  Heinroth  und  Charles  Otis  Whit- 
MAN.  Beide  waren  Liebhaber  einer  bestimmten  Tiergruppe,  Whitman  der  Tauben, 
Heinroth  der  Entenvögel  (Anatidae).  Charles  Otis  Whitman  hat  schon  1889  den  Satz 
ausgesprochen,  ,, Instinkte  und  Organe  müssen  vom  gemeinsamen  Gesichtspunkt  der 
phyletischen  Abstammung  erforscht  werden“  (Instincts  and  Organs  are  to  be  studied  from 
the  common  viewpoint  of  phyletic  descent).  Oskar  Heinroth  hat  dieselbe  Erkenntnis 
zwar  etwas  später,  aber  völlig  unabhängig  von  Whitman  gewonnen,  auch  hat  er,  wie  ich 
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glaube,  die  Folgerungen  aus  dieser  Erkenntnis  in  einem  weiteren  Kreise  gezogen,  als 
Whitman  es  je  tat.  Das  kommt  wahrscheinlieh  daher,  daß  Heinroth  mehr  Tiere  und 
Tiergruppen  genau  kannte  als  Whitman,  und  als  berufsmäßiger  Tiergärtner  auch  über  ihr 
Verhalten  Genaueres  wußte.  So  machte  er  die  im  wahrsten  Sinne  des  Wortes  epochema¬ 
chende  Entdeckung,  daß  es  Bewegungsweisen  gibt,  deren  Ähnlichkeit  und  Verschieden¬ 
heit  von  Art  zu  Art,  von  Gattung  zu  Gattung,  ja  von  einer  der  größten  taxonomischen 
Gruppenkategorien  zur  anderen  sich  ganz  genau  so  verhalten,  wie  diejenigen  von 
körperlichen  Merkmalen.  Mit  anderen  Worten,  diese  Bewegungsweisen  sind  ebenso 
verläßliche  Gharaktere  der  betreffenden  Gruppen,  wie  die  Form  von  Zähnen,  Federn  und 
anderen,  in  der  vergleichenden  Morphologie  verwendeten  und  bewährten  Kennzeichen. 
Für  diese  Tatsache  gibt  es  keine  andere  Erklärung,  als  daß  die  Ähnlichkeiten  und 
Unähnlichkeiten  dieser  Bewegungskoordinationen  auf  die  gemeinsame  Abstammung  von 
einer  Ahnenform  zurückzuführen  sind,  der  diese  Bewegungen  in  einer  Urform  ebenfalls 
schon  zu  eigen  waren.  Kurz,  der  Begriff  der  Homologie  ist  auf  sie  anwendbar. 

In  seiner  Arbeit  ,,Über  bestimmte  Bewegungsweisen  der  Wirbeltiere“  (1930)  hat 
Heinroth  diesen  Gesichtspunkt  auf  weit  größere  Gruppenkategorien  ausgedehnt  und 
gezeigt,  daß  der  taxonomische  Wert  einer  Bewegungsweise,  wie  z.  B.  das  Kratzen  des 
Kopfes  mit  dem  Hinterfuß,  wie  wir  es  alle  vom  Hund  kennen,  der  gleiche  ist  wie  der  der 
allerältesten  morphologischen  Merkmale  des  Kladus,  etwa  des  Aufbaues  der  Hinterextre¬ 
mität  aus  Femur,  Tibia  und  Fibula.  Das  besondere  Verhalten  dieses  Bewegungsmerkmales 
innerhalb  der  Klasse  der  Vögel  zeigt,  daß  die  Einzelheiten  der  Bewegung  ausschließlich 
von  historischen  und  überhaupt  nicht  von  funktionellen  Momenten  bestimmt  werden.  Ein 
Großteil  der  Vögel  führt  die  Kratzbewegung  in  der  Amphibien,  Reptilien  und  Säugern 
eigenen  Weise  so  aus,  daß  der  kratzende  Hinterfuß  lateral  an  der  Vorderextremität  vorbei 
kopfwärts  wandert,  der  Flügel  also  ln  die  den  Vierfüßlern  eigene  Lage  zurückgebracht 
werden  muß,  ehe  die  Bewegung  ablaufen  kann.  Dieses  historisch  aus  dem  -  sit  venia  verbo  — 
Klassenwandel  des  Reptilienarmes  verständliche  Vorgehen  wurde  nun  im  Laufe  der 
Phylogenese  von  einzelnen  Gruppen  verlassen,  zugunsten  der  funktionell  selbstverständli¬ 
chen  Methode,  den  ohnehin  dem  kratzenden  Fuß  nicht  im  Wege  stehenden  Flügel  ruhig 
auf  dem  Rücken  zu  belassen  und  sich  ,,vorneherum“  zu  kratzen.  Die  Verteilung  des 
Vorne-  und  Hmtenherum-Kratzens  im  System  zeigt  überhaupt  keine  Beziehungen  zu 
funktionellen  Momenten,  Lang-  oder  Kurzbeimgkeit,  Fußform  und  dergleichen,  sondern 
richtet  sich  ausschließlich  nach  der  Gruppenzugehörigkeit.  Chionis  dokumentiert  seine 
rätselvolle  und  isolierte  systematische  Stellung  dadurch,  daß  er  ein  Intermedium  zwischen 
Vorne-  und  Hlntenherum-Kratzen  ausführt,  indem  er  den  Fuß  medial  am  Flügel  vorbei 
zum  Kopfe  führt,  ein  an  sich  nur  historisch  verständliches  Verhalten.  Andere  Bewegungs¬ 
weisen,  wie  das  Gähnen,  das  Sich-Strecken,  Sich-Schütteln  u.  a.,  zeigen  eine  ähnlich  weite 
Verbreitung  im  System. 

Neben  dieser,  einzelne  Merkmale  sozusagen  durch  ihre  ganze  stammesgeschichtliche 
Entwicklung  verfolgende  Arbeit  hat  Heinroth  auch  den  zweiten  Weg  vergleichender 
Forschung  in  die  Verhaltenslehre  getragen  und,  wie  Whhman,  aber  in  noch  tiefgreifende¬ 
rer  Weise,  eine  beschränkte  Tiergruppe  auf  Grund  breitesten  Beobachtungsmaterials  in 
allen  ihren  systematisch  verwertbaren  Verhaltensmerkmalen  bearbeitet,  und  zwar  die 
Anatiden.  Die  taxonomischen  Schlüsse  Heinroths  (1910)  haben  eine  eindrucksvolle 
Bestätigung  durch  die  Untersuchungen  von  Poll  (1910)  erfahren,  der  den  Grad  der 
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Unfruchtbarkeit  von  Mischlingen  zum  Maß  stammesgeschichtlicher  Verwandtschaft 
machte:  In  allen  Fällen,  in  denen  beide  Forscher  von  der  herkömmlichen  Einteilung  der 
Gruppe  abwichen,  stimmten  sie  untereinander  überein. 

Heinroth  hat  nie  den  Ausdruck  Homologie  gebraucht,  noch  hat  er  den  Begriff  des 
Instinktes  näher  definiert  oder  eine  physiologische  Erklärung  der  vergleichbaren  Bewe¬ 
gungsweisen  angestrebt.  Aber  mit  dem  feinen  systematischen  Taktgefühl  des 
begnadeten  Taxonomen  hat  er  eine  wesentliche  Eigenschaft  jener  physiologischen  Mecha¬ 
nismen  gesehen,  die  wir  heute  als  Instinktbewegungen  bezeichnen.  Wie  wir  heute  mit 
ziemlicher  Sicherheit  wissen,  beruhen  diese  nicht  auf  Verkettungen  polysynaptischer 
Reflexe,  sondern  auf  jenen  Vorgängen  endogener  Reizerzeugung  und  zentraler  Koordina¬ 
tion,  deren  Kenntnis  wir  im  wesentlichen  Erich  von  Holst  verdanken.  Die  Formkon¬ 
stanz  und  Unveränderlichkeit  durch  äußere  Reize,  die  für  die  zentralkoordmierte  Bewe¬ 
gung  so  kennzeichnend  ist,  macht  sie  begreiflicherweise  der  deskriptiven  Forschung 
besonders  gut  zugänglich  und  fordert  geradezu  die  vergleichende  Betrachtung  heraus.  Man 
kann  von  einer  Morphologie  des  Verhaltens  sprechen. 

Es  ist  geistesgeschichtlich  von  großem  Interesse,  daß  Oskar  Heinroth  im  Laufe 
morphologischer  und  taxonomischer  Forschung  zu  der  Entdeckung  homologisierbarer 
Bewegungsweisen  kam.  Heinroth  strebte  im  Grunde  nach  einer  Eeinsystematik  der 
Anatiden.  Für  die  Beurteilung  verwandtschaftlicher  Zusammenhänge  ist  es  notwendig, 
Homologien  und  Analogien  streng  zu  unterscheiden,  mit  anderen  Worten,  Ähnlichkeiten, 
die  auf  Stammesverwandtschaft  beruhen,  nicht  mit  solchen  zu  verwechseln,  die  durch 
konvergente  Anpassung  verursacht  sind.  Das  sicherste,  merkwürdigerweise  selten  er¬ 
wähnte  Mittel,  diese  Unterscheidung  zu  treffen,  ist  eine  Wahrscheinlichkeitsbetrachtung. 
Ein  Delphin  und  ein  Ichthyosaurus  sind  einander  in  der  Körperform  und  in  der 
Ausbildung  der  Bewegungsorgane  und  in  wenigen  weiteren  Merkmalen  ähnlich,  in 
tausenden  von  Merkmalen  aber  ist  der  erste  ein  Säugetier,  der  zweite  ein  Reptil.  Wollte 
man  die  Ähnlichkeiten  beider  Tierformen  aus  ihrer  Abstammung  von  einem  gemeinsamen 
Ahnen  erklären,  müßte  man  die  vielen,  vielen  Merkmale,  die  der  Ichthyosaurier  mit 
Reptilien  und  der  Delphin  mit  den  Säugern  gemein  hat,  ihrerseits  auf  konvergente 
Anpassung  zurückführen  können,  was  offensichtlich  unmöglich  ist. 

Je  näher  zwei  Tierformen  verwandt  sind,  die  einander  durch  konvergente  Anpassung 
noch  ähnlicher  wurden,  desto  mehr  verliert  diese  Wahrscheinlichkeitsrechnung  an  Sicher¬ 
heit.  Die  Merkmale,  die  eine  so  kleine  Gruppe,  wie  etwa  die  bussardähnlichen  und  die 
habichtähnlichen  Raubvögel  voneinander  unterscheiden,  sind  nur  um  wenig  zahlreicher 
als  diejenigen,  die  durch  konvergente  Anpassung  entstanden,  als  sich  aus  beiden  Gruppen 
Großraubvögel,  sogenannte  Adler,  entwickelten.  Die  älteren  Ornithologen  betrachte¬ 
ten  ganz  selbstverständlich  alle  Raubvogelarten  (Raptores),  die  eine  bestimmte  Mindest¬ 
größe  überschritten,  als  ,, Adler“,  weil  diese  Großraubvögel  in  paralleler  Anpassung  an  das 
Schlagen  verhältnismäßig  große  Beutetiere  eine  Reihe  gemeinsamer  Merkmale  entwickelt 
haben.  Alle  haben  einen  großen  Kopf  mit  grobem  Schnabel,  große  durch  Knochenleisten 
überdachte  und  so  geschützte  Augen,  was  einen  entschlossenen  und  finsteren  Blick 
vortäuscht,  sie  haben  verhältnismäßig  dicke,  kurzläufige  Beine  mit  starken  Zehen  und 
Krallen,  alle  haben  einen  verhältnismäßig  kurzen  Schwanz  und  breite  Flügel,  was  mit  den 
flugtechnischen  Erfordernissen  des  Stoßens  und  des  Wegtragens  schwerer  Beute  zusam¬ 
menhängt.  Selbst  in  der  neuen  ,, Tierenzyklopädie“  der  Urania  werden  die  Adler  als  eine 
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Verwandtschaftsgruppe  behandelt.  In  Wirklichkeit  sind  es  mindestens  drei  Familien  von 
Raubvögeln,  aus  denen  ,, Adler“  hervorgegangen  sind,  erstens  die  Bussarde  (Buteonim), 
zu  denen  Steinadler,  Kaiseradler,  Zwergadler  und  andere  gehören,  zweitens  die  Milane 
(Milvini),  zu  denen  alle  Formen  der  Seeadler  [Haliaeetus)  und  andere  gehören,  und  drittens 
die  Ffabichte  (Accipitrini),  zu  denen  Habichtsadler,  Kampfadler,  Affenadler  und  andere 
zu  zählen  sind.  Wenn  man  alle  erreichbaren  ,, kleineren  Merkmale“,  vor  allem  auch  solche 
des  Verhaltens,  mit  verwertet,  kann  man  an  dieser  Zugehörigkeit  der  Adler  zu  drei 
verschiedenen  Gruppen  kaum  zweifeln.  Alle  Tiergärtner  und  Falkner,  die  ich  befragte, 
weil  sie  Kenner  der  in  Rede  stehenden  Vögel  waren,  betrachteten  die  hier  skizzierte 
Zuordnung  als  eine  Selbstverständlickeit.  Die  Museums-Taxonomen,  die  ,, Balgforscher“, 
die  der  alte  Alfred  Edmund  Brehm  so  sehr  verachtete,  neigen  dazu,  Knochenstrukturen, 
vor  allem  solche,  die  man  messen  kann,  für  die  wichtigsten  aller  Merkmale  zu  halten. 
Erwin  Stresemann  pflegte  in  seiner  sarkastischen  Art  zu  sagen,  daß  diese  Leute  meinten, 
jene  Merkmale,  die  im  Museum  den  Angriffen  der  Motten  und  des  Kabinettkäfers 
Anthrenus  am  längsten  Widerstand  leisteten,  seien  auch  in  der  Stammesgeschichte  am 
schwersten  veränderlich.  Die  Schädel  von  Adlern  der  verschiedensten  Gruppenzugehörig¬ 
keit  sind  einander  in  der  Tat  zum  Verwechseln  ähnlich,  aber  gerade  ,,die  Schädelknochen 
sind  Wachs  in  den  Händen  der  Evolution“  -  wiederum  ein  Zitat  von  Stresemann. 

Will  man  das,  was  die  Intuition,  das  ,, systematische  Taktgefühl“  dem  Forscher  eingibt, 
rational  nachweisen,  so  hat  man  keinen  anderen  Weg,  als  zu  versuchen,  alle  jene  vielen 
Merkmale  herauszufinden,  die  in  den  großartigen  Verrechnungsapparat  der  menschlichen 
Gestaltwahrnehmung  eingegangen  sind,  denn  dieser  ist  es,  dessen  Leistungen  wir  untersu¬ 
chen  müssen.  Dieser  Verrechnungsapparat  ist  zwar  höchst  kompliziert  und  wunderbar, 
aber  keineswegs  ein  Wunder!  Wir  müssen  also  herausfinden,  welche  Merkmale  der 
Steinadler  mit  den  Bussarden,  der  Seeadler  mit  den  Milanen  und  die  Harpyie  mit  den 
Habichten  gemeinsam  haben.  Dies  müssen  Merkmale  sein,  die  jeder  der  betreffenden 
Gruppen  ausschließlich  zu  eigen  sind,  nicht  etwa  allgemeine  Merkmale  einer  weiteren 
taxonomischen  Einheit,  anderenfalls  würden  sie  ja  nicht  für  die  spezielle  Verwandtschaft 
sprechen.  Man  muß  imstande  sein  zu  zeigen,  daß  nicht  etwa  schon  eine  Stammesgruppe, 
von  der  alle  ,, Adler“  herstammen,  diese  Merkmale  besaß.  Nur  diese  dürfen  mit  jenen 
quantitativ  verglichen  werden,  die  bei  diesen  Großraubvögeln  sicher  durch  konvergente 
Anpassung  entstanden  sind.  Bei  dieser  quantitativen  Einschätzung  der  analogen  Merkmale 
erhebt  sich  noch  die  schwierige  Frage,  was  denn  eigentlich  als  ,,ein“  Merkmal  gezählt 
werden  darf.  Es  gibt  scheinbar  voneinander  unabhängige  Merkmale,  ja  oft  solche 
verschiedener  Organe,  die  immer  nur  zusammen  auftreten  und  daher  eigentlich  als  nur  ein 
einziges  Merkmal  gezählt  werden  dürfen.  Extreme  Stromlinienform  und  sichelförmige 
Flügel  oder  Flossen  bei  Vögeln,  Walen  und  Haien  sind  z.  B.  genau  genommen  nur  ein 
Merkmal. 

Je  näher  die  Ausgangspunkte  der  Konvergenz,  desto  weniger  an  der  Zahl  sind 
naturgemäß  die  gruppenspezifischen  und  sicher  homologisierbaren  Merkmale.  Während 
bei  den  erwähnten  Raubvögeln  der  Nachweis  der  Gruppenzugehörigkeit  immerhin  noch 
möglich  ist,  erweist  er  sich  in  anderen  Fällen  nahezu  unmöglich.  Es  gibt  in  Abessinien 
einen  zu  den  Brandentenartigen  (Tadornini)  gehörigen  Schwimmvogel,  die  Blauflügelgans 
Cyanochen  cyanopterum .  Sie  ist  einer  der  vielen  Anatiden,  die  in  Anpassung  an  das 
Grasfressen  einen  gänseähnlichen  Schnabel  entwickelt  haben.  Nun  gibt  es  in  Südamerika 
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die  sehr  artenreiche  Gattung  Chloephaga ,  die  auch  zu  den  Tadornini  gehört  und  einen 
Gänseschnabel  besitzt.  Man  weiß  nicht,  ob  Cyanochen  von  einigen  zufällig  einmal  von 
Südamerika  nach  Afrika  verschlagenen  Chloephaga  abstammt,  oder  ob  sie  ihre  Gänse¬ 
merkmale  konvergent  und  unabhängig  in  ihrer  jetzigen  Heimat  entwickelt  hat.  Bisher  hat 
sich  noch  niemand  die  Mühe  gemacht,  in  Anatomie  und  Verhalten  von  Cyanochen  gezielt 
nach  gruppen-spezifischen  -Merkmalen  zu  suchen,  vielleicht  könnte  eine 

solche  Suche  die  obige  Frage  entscheiden. 

Es  ist  nicht  nur  die  Verhältniszahl  homologer  und  analoger  Merkmale  für  die  Beurtei¬ 
lung  von  Verwandtschaftsverhältnissen  maßgebend,  sondern  außerdem  noch  ein  Wissen 
um  die  Geschwindigkeit,  mit  der  sich  einzelne  Merkmale  bei  einzelnen  taxonomischen 
Gruppen  verändern.  Dasselbe  Merkmal  kann  bei  einer  Tiergruppe  ungemein  konservativ, 
d.  h.  bei  allen  Mitgliedern  ähnlich  ausgebildet  sein,  während  es  bei  einer  anderen  Gruppe 
von  Art  zu  Art  sehr  verschieden  ist,  d.  h.  also  phylogenetisch  sehr  rasch  veränderlich.  Bei 
den  allermeisten  Tetrapoden  ist  die  Vierbeinigkeit  ein  recht  konservatives  Merkmal,  aber 
in  einigen  Teilgruppen,  beispielweise  bei  den  Skinken  (Scincidae)  gibt  es  nahe  Verwandte, 
von  denen  die  einen  vierbeinig,  die  anderen  zweibeinig  und  die  dritten  beinlos  sind.  Bei 
den  Papageien  (Psittaci)  ist  die  Gefiederfärbung  häufig  auch  bei  ganz  nahe  verwandten 
Formen  völlig  verschieden,  während  die  Schnabelform  und  -funktion  bei  allen  Mitgliedern 
der  Ordnung  nahezu  dieselbe  bleibt.  Bei  den  Galapagos-Fmken  (Geospizidae),  sowie  bei 
den  hawaiischen  Kleidervögeln  (Drepanidae)  ist  das  genau  umgekehrt,  die  Gefiederfär¬ 
bung  jeder  dieser  Gruppen  ist  sehr  einheitlich,  während  die  Schnabelform  außerordentlich 
veränderlich  ist.  Es  gibt  kein  einziges  Merkmal,  dem  man  vorwegnehmend  eine  konstante 
Bedeutung  zumessen  kann,  die  in  verschiedenen  Tiergruppen  gleich  bewertet  werden  darf. 

Hans  Gadow  hat  in  seiner  Bearbeitung  der  Vögel  in  ,, Bronns  Klassen  und  Ordnungen 
des  Tierreiches“  ein  interessantes  Gedankenexperiment  gemacht,  indem  er  nach  30 
anerkanntermaßen  gewichtigen  Merkmalen  eine  taxonomische  Einteilung  der  Klasse 
vornahm,  dabei  aber  jedem  der  Merkmale  die  gleiche  ,, taxonomische  Dignität“  zuerkann¬ 
te.  Die  so  entstehende  Taxonomie  der  Vögel  zeigte  neben  manchen  klaren  Übereinstim¬ 
mungen  mit  der  Anordnung,  die  jedem  Taxonomen  selbstverständlich  ist,  auch  eine  Reihe 
völlig  abstruser  Abweichungen.  Gadow  erkannte  richtig,  daß  die  Intuition  des  begab¬ 
ten  Zoologen  eine  sehr  viel  größere  Anzahl  von  Merkmalen  verwertet  als  nur  dreißig. 

Wie  aus  diesen  Erwägungen  hervorgeht,  beruhen  unsere  Aussagen  über  Stammesver¬ 
wandtschaft  verschiedener  Lebewesen  auf  Wahrscheinlichkeitsbetrachtung,  und  die  Wahr¬ 
scheinlichkeit  ihrer  Richtigkeit  steigt  mit  der  Zahl  der  verwerteten  Merkmale 
wie  auch  mit  der  der  Merkmalträger.  Daher  ist  unsere  Rekonstruktion  der  großen  Äste  des 
Tierstammbaumes  mit  einer  an  Sicherheit  grenzenden  Wahrscheinlichkeit  richtig.  Dagegen 
werden  unsere  Aussagen  umso  weniger  sicher,  je  mehr  unsere  Untersuchung  sich  mit  den 
feineren,  jüngeren  Verästelungen  dieses  wunderbaren  Gewächses  beschäftigt.  Dazu  fällt  in 
diesem  Falle  die  Bestätigung  durch  die  Palaeontologie  fort. 

Diese  Unsicherheit  bildete  ein  Hindernis  für  einen  der  wichtigsten  Durchbrüche 
moderner  Naturwissenschaft,  nämlich  für  die  Synthese  von  Phylogenetik  und  Genetik. 
Nur  subtilste  Massenkenntnis  von  Merkmalen  und  Tierformen  konnte  die  Grundlage  für 
den  Brückenschlag  zwischen  Stammesgeschichts-  und  Erbforschung  abgeben.  Selbst  in  der 
Ornithologie  erregte,  wie  Erwin  Stresemann  erzählt,  ein  Mann  wie  Ernst  Hartert  den 
Spott  der  Fachgenossen  dadurch,  daß  er  ,,auf  die  allersubtilste  Unterscheidung  lokaler 
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Formen  “  drang  und  dies  sehon  1899  mit  der  Behauptung  begründete:  „Schwer  unter¬ 
scheidbare  Formen  müssen  beobachtet  werden,  da  sie  in  tier  Natur  Vorkommen  (und  wir 
keine  Erscheinungen  beim  Studium  der  Natur  unberücksichtigt  lassen  dürfen).“  Man 
möchte  meinen,  daß  der  große  Systematiker  intuitiv  geahnt  hat,  daß  das  Studium  gerade 
dieser  nur  fälschlich  als  Kleinigkeiten  betrachteten  Einzelheiten  für  wichtigste  Probleme 
der  Evolution  aufschlußreich  sein  werde.  Es  ist  ein  bedauerliches  Fehlurteil,  den  Forscher, 
der  m  eine  bestimmte,  oft  eng  begrenzte  Verwandtschaftsgruppe  von  Tieren  vernarrt  zu 
sein  scheint,  darob  zu  verlachen,  daß  er  bei  Cladoceren  die  einzelnen  Borsten  an  den 
Bemchen  zählt,  ocfer  bei  winzigen  Fliegen  die  Äderchen  an  den  Flügeln. 

Nicht  nur  der  große  Brückenschlag  von  der  Stammesgeschichtsforschung  zur  Erblehre 
ist  der  geduldigen  Merkmalssuche  der  Feinsystematiker  zu  danken.  Als  einen  Seitenzweig, 
der  in  ganz  unerwarteter  Richtung  zu  wachsen  bestirrimt  war,  hat  die  Feinsystematik  auch 
die  vergleichende  Verhaltensforschung  in  die  Welt  gesetzt:  Die  Entdeckung  der  Homolo- 
gisierbarkeit  von  Bewegungsweisen,  die  man  mit  der  Entstehung  der  vergleichenden 
Verhaltensforschung  gleichsetzen  darf,  wurde  von  Feinsystematikern  gemacht,  die 
unersättlich  nach  neuen  und  immer  neuen  Merkmalen  suchten  und  dabei  schließlich 
dahinterkamen,  daß  man  auch  Verhaltensweisen  als  solche  Merkmale  benützen  kann 
und  zwar  als  höchst  verläßliche.  Es  ist  durchaus  kein  Zufall,  daß  es  Ornithologen  und 
Vogel-Liebhaber  waren,  die  diese  Entdeckung  machten.  Der  Insektenliebhaber  freut 
sich  nicht  nur  am  lebenden,  sondern  auch  am  wohlpräparierten  toten  Objekt.  Zum 
Vogel-Liebhaber  aber  gehört  es  unbedingt,  daß  er  lebende  Vögel  beobachtet,  seien  es 
freilebende  oder  gefangengehaltene.  Die  Sammelleidenschaft  des  Liebhabers  spielt  dabei 
ihre  Rolle:  Oskar  Heinroth  hatte  die  reiche  Anatiden-Sammlung  des  Berliner  Zoologi¬ 
schen  Gartens  zu  seiner  Verfügung,  Whitman  sammelte  Taubenarten,  die  er  in  vielen 
Flugkäfigen  hielt. 

In  meiner  Darstellung  der  Verdienste  Heinroths  um  die  vergleichende  Verhaltensfor¬ 
schung  habe  ich  bisher  im  wesentlichen  das  wiederholt,  was  ich  in  der  historischen 
Einleitung  zu  meinem  neuen  Lehrbuch  der  vergleichenden  Verhaltensforschung  gesagt 
habe.  Ich  könnte  nun  sehr  wohl  weiter  über  die  historische  Entwicklung  der  Ethologie 
sprechen,  ich  könnte  z.  B.  zeigen,  in  welcher  Weise  Oskar  Heinroths  Fassung  des 
Begriffes  von  der  ,, arteigenen  Triebhandlung“  zur  weiteren  Analyse  angeregt  und 
entscheidende  Fortschritte  unseres  Forschungszweiges  bewirkt  hat. 

Ich  will  indessen  lieber  darüber  sprechen,  in  welcher  Weise  die  Methoden  Oskar 
Heinroths  beispielgebend  gewirkt  haben.  Man  kann  sich  keinen  überzeugenderen 
Tribut  für  die  Größe  dieses  Mannes  denken,  als  die  Tatsache,  daß  wir  heute  noch  in 
unserer  Forschung  bis  ins  kleinste  so  vorgehen,  wie  er  es  tat. 

Die  eine  große  Lehre,  die  wir  ihm  verdanken,  ist  ein  Erbe  der  Feinsystematik:  Keine 
Einzelheit,  die  als  konstantes  Merkmal  einer  Art  oder  einer  Unterart  beschrieben  werden 
kann,  darf  vernachlässigt  werden.  Der  schon  zitierte  Satz  Ernst  Harterts,  daß  wir 
,, keine  Erscheinungen  beim  Studium  der  Natur  unberücksichtigt  lassen  dürfen“,  gilt  auch 
für  die  Verhaltensforschung  uneingeschränkt.  Dieser  Lehre  zu  folgen  wird  einem  heute  oft 
dadurch  erschwert,  daß  es  kaum  noch  wissenschaftliche  Zeitschriften  gibt,  die  bereit  sind, 
solche  Details  ernst  zu  nehmen  und  zu  veröffentlichen.  Der  Irrglaube,  daß  die  Quantifika- 
tion  die  einzig  legitime  kognitive  Leistung  des  Menschen  sei,  kriecht  unvermerkt 
selbst  in  die  Ornithologie. 
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Die  schon  besprochenen  Eigenschaften  der  Gestaltwahrnehmung  machen  es  verständ¬ 
lich,  daß  die  Zahl  der  Daten,  die  in  ihren  wunderbaren  Verrechnungsapparat  eingegeben 
werden  muß,  gar  nicht  groß  genug  sein  kann.  Man  muß  dasselbe  Verhaltensmuster  wieder, 
wieder  und  noch  einmal  beobachten,  dann  löst  sich  auf  einmal  die  ihm  innewohnende 
Gesetzlichkeit  vom  Hintergründe  des  Zufälligen  und  tritt  dem  Forscher  als  ein  qualitativ 
unverwechselbares  Erlebnis  entgegen.  Man  empfindet  dann  stets  eine  gewisse  Verwunde¬ 
rung  darüber,  daß  man  etwas  so  Offensichtliches  nicht  schon  sehr  viel  früher  gesehen  hat. 
Der  große  Verrechnungsapparat  muß  ein  geradezu  gewaltiges  Datenmaterial  sammeln  und 
speichern,  um  die  gestaltete  Wahrnehmung  der  Gesetzlichkeit  vom  Hintergründe  des 
Akzidentellen  abheben  zu  können.  Um  diese  Voraussetzung  zu  schaffen,  ist  eine  ebenso 
gewaltige  Zeit  vonnöten,  die  in  voraussetzungsloser  Beobachtung  verbracht  wird.  Selbst 
ein  in  asiatischen  Geduldsübungen  geschulter  Heiliger  wäre  kaum  imstande,  ohne 
Nachlassen  der  Aufmerksamkeit  so  lange  in  ein  Aquarium  oder  auf  einen  Ententeich  zu 
starren  wie  nötig  ist,  um  die  Datenbasis  zu  schaffen.  Dies  bringen  nur  Menschen  zustande, 
deren  Blick  durch  eine  völlig  irrationale  Freude  an  das  Objekt  ihrer  Forschung  gefesselt 
bleibt.  Hierin  liegt  das  Verdienst  der  Liebhaberei;  es  ist  einer  der  größten  Denkfehler,  in 
dem  Ausdruck  ,,scientia  amabilis“  ein  abwertendes  Urteil  zu  sehen. 

Wir  haben  von  Heinroth  gelernt,  daß  man  ein  Tier  gar  nicht  lange  genug  anschauen 
kann  und  daß  man,  wenn  irgend  möglich,  mit  ihm  leben  muß,  um  jenen  Grad  intimer 
Tierkenntnis  zu  erwerben,  der  die  Voraussetzung  erfolgreicher  Verhaltensforschung  ist. 

Ein  zweiter  Punkt,  in  dem  wir  der  Methodik  Heinroths  aufs  Genaueste  folgen,  betrifft 
das  Studium  der  Ontogenese  des  Verhaltens.  Wir  untersuchen  das  Verhalten  einer  Tierart, 
wo  das  nur  irgend  möglich  ist,  ,,vom  Eierschlupf  bis  zum  Todeshupf“,  wie  Heinroth 
selbst  sagte.  Wenn  man  das  Verhalten  einer  Art  nur  von  erwachsenen  Individuen  kennt, 
und  sei  es  noch  so  gründlich,  und  anschließend  ein  kleines  Junges  großzieht,  ist  man 
immer  wieder  erstaunt  über  die  Menge  des  Wissenszuwachses,  den  dieses  Verfahren 
liefert. 

Die  dritte  methodische  Lehre  Oskar  Heinroths,  die  wir  aufs  Genaueste  befolgen,  ist 
die  Ausschöpfung  einer  Wissensquelle,  die  nur  dem  Beobachter  gefangener  Tiere  zugäng¬ 
lich  ist:  Störungen  des  Verhaltens,  die  durch  die  Gefangenschaftsbedingungen  entstanden 
sind,  können  uns  Wesentliches  über  die  normale  Physiologie  des  gestörten  Verhaltens¬ 
mechanismus  sagen. 

Wenn  ein  Freilandbeobachter  zu  sehen  bekommt,  wie  ein  Wolf  einen  Beuterest 
eingräbt,  so  ist  der  Arterhaltungswert  der  Verhaltensweise  selbstverständlich,  die  Frage 
nach  ihrem  kausalen  Zustandekommen  bleibt  unbeantwortet.  Wenn  jemand  dagegen  sieht, 
wie  der  zahme  junge  Wolf  einen  Knochen  in  die  Zimmerecke  trägt,  hinlegt,  dicht  daneben 
scharrt,  den  Knochen  mit  der  Nase  an  die  Stelle  des  Scharrens  schiebt  und  anschließend 
mit  der  Nase  nicht  vorhandene  Erde  auf  das  nicht  gegrabene  Losch  schaufelt,  so  hat  man 
Wichtiges  über  das  stammesgeschichtlich  entstandene  Programm  des  Verhaltensmusters 
erfahren. 

Verwandt  mit  dieser  Wissensquelle  ist  die  Beobachtung  pathologischer  Störungen  des 
Verhaltens.  Die  Pathologie,  die  absichtliche,  experimentell  gesetzte  Störung,  ist  bekannt¬ 
lich  eine  der  wichtigsten  Wissensquellen  der  Physiologie;  oft  ist  der  Forscher  erst  durch 
den  Ausfall  eines  bestimmten  Mechanismus  auf  dessen  Existenz  aufmerksam  gemacht 
worden.  Auch  pathologische  Störungen  des  Verhaltens  können  uns  Wichtiges  lehren.  Der 
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Intensitätsschwund  bestimmter  Instinktbewegungen,  der  bei  gefangenen  Tieren  nur  allzu 
leicht  auftntt,  hat  Heinroth  und  mich  als  erstes  darauf  aufmerksam  gemacht,  daß  das  Tier 
als  Subjekt  keine  Ahnung  vom  dem  arterhaltenden  Sinn  seiner  angeborenen  Verhaltens¬ 
muster  hat:  Es  kommt  bei  gefangenen  Tieren  ungemein  oft  vor,  daß  sie  wegen  Mangels 
ausreichender  Intensität  einen  Verhaltensablauf  genau  dann  abbrechen,  wenn  sein  arterhal¬ 
tender  Sinn  beinahe  erfüllt  ist.  Beobachtungen  dieser  Art  waren  es  auch,  die  mich  erstmalig 
auf  die  Unsinnigkeit  der  Annahme  eines  untrüglichen  Instinktes  aufmerksam  machten.  Ich 
möchte  gerade  diese  Wissensquelle  besonders  hoch  einschätzen.  Es  ist  sicher  kein  Zufall, 
daß  Heinroth  Mediziner  war. 

Schließlich  sei  noch  eine  Methode  Heinroths  erwähnt,  die  wir  von  ihm  gelernt  haben 
und  die  in  meinem  eigenen  kleinen  Institut  eine  wichtige  Rolle  spielt,  das  ist  die  Haltung 
zahmer  Tiere  in  völliger  Freiheit.  In  meiner  persönlichen  wissenschaftlichen  Entwicklung 
hat  es  eine  entscheidende  Rolle  gespielt,  daß  meine  erste  jung  aufgezogene  Dohle  gerade  in 
jener  Woche  flügge  wurde,  als  mir  die  Lieferung  der  ,, Vögel  Mitteleuropas“  ins  Haus  kam, 
in  der  Heinroth  über  den  Freiflug  seiner  Kolkraben  berichtet.  So  entstand  meine 
Erstlingsarbeit  ,, Beobachtungen  an  Dohlen“  (Journ.  f.  OrnithoL,  1927).  Heinroth  und 
Stresemann  hatten  mich  dann  energisch  ermutigt,  die  Beobachtungen  an  freifliegenden 
zahmen  Dohlen  fortzusetzen,  was  geradezu  zu  einer  ,, Weichenstellung“  für  mein  ganzes 
späteres  Leben  geworden  ist. 

Die  Methode,  jung  aufgezogene  zahme  Tiere  in  völliger  Freiheit  und  möglichst  natürli¬ 
chem  Biotop  zu  studieren,  hat  die  Wahl  der  wichtigsten  Objekte  unserer  Forschungen 
bestimmt.  Die  Vorteile  dieser  Untersuchungsmethoden  liegen  auf  der  Hand,  ihre  Grenzen 
sind  durch  die  Eigenschaften  des  sogenannten  Prägungsvorganges  gezogen,  der  vor  allem 
bei  Vögeln  eine  wichtige  Rolle  spielt.  Bei  Rabenvögeln,  Papageien,  Reihern  und  anderen 
ist  es  schwierig,  die  Vögel  so  aufzuziehen,  daß  sie  zwar  in  ihren  Kindestriebhandlungen 
und  ihrer  sozialen  Anhänglichkeit  auf  den  Menschen  fixiert  werden,  nicht  aber  in  Bezug 
auf  die  Verhaltensweisen  der  Sexualität  und  des  Rivalenkampfes.  Ein  großer  Gelbhauben¬ 
kakadu  oder  ein  männlicher  Kolkrabe  kann  alle  weitere  Beobachtungen  vereiteln,  wenn  er 
den  Pfleger  als  Rivalen  behandelt.  Gänse  der  verschiedensten  Arten  sind  deshalb  für  die  in 
Rede  stehende  Untersuchungsweise  so  gut  geeignet,  weil  die  auf  das  Eiternder  und  den 
sozialen  Kumpan  gerichteten  Verhaltensweisen  leicht  und  nachhaltig  auf  den  menschlichen 
Pfleger  fixiert  werden  können,  eine  sexuelle  Prägung  auf  den  Menschen  aber  bei  diesen 
Vögeln  nahezu  unmöglich  ist. 

Versucht  man,  zu  Beobachtungszwecken  eine  Population  zahmer  und  freilebender  Tiere 
anzusiedeln  oder  einer  natürlichen  Population  zahm  aufgezogene  Individuen  einzuglie¬ 
dern,  so  stößt  man  manchmal,  besonders  bei  den  höchstentwickelten  Säugetieren,  auf  eine 
unerwartete  Schwierigkeit.  Auch  wenn  sie  mit  Erfolg  in  den  Lebensraum  eingewöhnt 
werden,  der  dem  natürlichen  weitgehend  entspricht,  bilden  die  vom  Menschen  aufgezoge¬ 
nen  Tiere  nicht  die  für  ihre  Art  typische  Form  der  Sozietät.  Amerikanische  Versuche,  in 
weiten  Gehegen  Schimpansen  anzusiedeln,  die  als  ausgediente  Versuchstiere  das  Gnaden¬ 
brot  verdient  hatten,  scheiterten  völlig.  Katharina  Heinroth  berichtet  anschaulich  ihre 
vergeblichen  Versuche,  handaufgezogene  junge  Paviane  in  die  Horde  gleichartiger  Tiere 
einzugliedern,  die  den  großen  Affenfelsen  des  Berliner  Zoologischen  Gartens  bewohnten. 
Die  vom  Menschen  aufgezogenen  Individuen  erregten  immer  wieder  den  höchsten  Zorn 
ihrer  Artgenossen  durch  Verhaltensweisen,  die  nicht  ,, sozietätsgemäß“  waren,  ,,sie 
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benahmen  sich  daneben“,  wie  Frau  Heinroth  sich  ausdrückte.  Diese  Unstimmigkeiten 
sind  deshalb  bedeutsam,  weil  sie  auf  das  Vorhandensein  traditioneller  Verkehrsnormen 
schließen  lassen. 

Bei  handaufgezogenen  Wildschweinen  besteht  die  eben  beschriebene  Schwierigkeit 
nicht,  offenbar  ist  hier  das  ganze  Inventar  sozialer  Interaktionen  genetisch  festgelegt  und 
bedarf  keiner  Ergänzung  durch  soziale  Tradition.  Gerade  diese  Schwierigkeit  in  der 
Haltung  und  Beobachtung  zahmer,  freilebender  Tiere  weist  auf  ein  Problem  hin,  das  nur 
durch  den  Vergleich  zwischen  menschenaufgezogenen  und  natürlichen  Populationen 
untersucht  werden  kann. 

Das  methodische  Ideal  der  Beobachtung  hochorganisierter  Lebewesen  ist  dann  erreicht, 
wenn  es  gelingt,  freilebende  Tiere  so  an  den  Beobachter  zu  gewöhnen,  daß  ihr  Verhalten 
durch  seine  Gegenwart  nicht  verändert  wird,  ja,  daß  er  sogar  mit  ihnen  m  natürlicher 
Umgebung  Experimente  anstellen  kann.  Vor  allem  in  der  Erforschung  von  Primaten  ist 
diese  Methode  von  Wichtigkeit,  da  bei  ihnen  soziale  Tradition  eine  sehr  große  Rolle  spielt, 
so  daß  bei  freigelassenen,  aus  der  Gefangenschaft  stammenden  zahmen  Tieren  ein  artgemä¬ 
ßes  Sozialverhalten  nicht  zu  erwarten  ist.  Die  Schimpansenbeobachtungen  Jane  Goodals 
haben  denn  auch  die  gebührende  Beachtung  gefunden.  Die  Pavian-Beobachtungen  von 
Washburn,  de  Vore  und  vor  allem  die  Studien  von  Hans  Kummer  zeigen,  wie  sehr  diese 
äußerst  zeitraubende  und  so  manche  Opfer  fordernde  Methode  durch  ihre  Ergebnisse 
lohnt. 

Oskar  Heinroth  betrachtete  Tierkenntnis  als  die  Grundlage  aller  Verhaltensfor¬ 
schung.  Er  war  Tierkenner  katexochen,  er  betrachtete  das  Beobachten  und  Festhalten 
kleinster  Einzelheiten  als  die  oberste  Pflicht  des  Forschers,  er  erfüllte  hierin  die  schon 
zitierte  Forderung  Ernst  Harterts  mit  peinlichster  Gewissenhaftigkeit.  Im  Max-Planck- 
Institut  für  Verhaltensphysiologie  haben  Erich  von  Holst  und  ich  es  ebenso  ernst  mit 
dieser  Pflicht  gehalten.  Als  Erich  von  Holst  seine  klassischen  Versuche  mit  elektrischer 
Reizung  des  Hypothalamus  an  Hühnern  vornahm,  betonte  er  immer  wieder,  daß  diese 
Untersuchung  ohne  genaueste  Kenntnis  des  gesamten  Verhaltensinventars  der  untersuch¬ 
ten  Art  jeder  Grundlage  entbehre.  Er  gewann  daher  Erich  Baeumer  zum  Mitarbeiter, 
der,  von  Beruf  Landarzt,  aus  ,, Liebhaberei“  eine  profunde  Kenntnis  des  Verhaltens  aller 
Haushuhnrassen  gewonnen  hatte  und  daher  die  für  von  Holsts  Versuche  unentbehrliche 
Fähigkeit  besaß,  auch  bei  geringsten  Andeutungen  und  Bruchstücken  bestimmter  Verhal¬ 
tensmuster  eine  exakte  Diagnose  stellen  zu  können.  Aus  gleichen  Gründen  hat  seinerzeit 
W.  R.  Hess  zur  Auswertung  seiner  Filme  von  den  Versuchen  der  Stammhirn-Reizung  an 
Katzen  die  Mitarbeit  Paul  Leyhausens  beansprucht,  der  das  gesamte  Verhaltensinventar 
dieser  Tiere,  das  noch  wesentlich  komplexer  ist  als  das  des  Haushuhns,  ,,am  Schnürchen“ 
hat.  Ohne  diese  Voraussetzung  sind  Stammhirn-Reizversuche  meines  Erachtens  sinnlos. 

Ich  möchte  die  Frage  aufwerfen,  ob  dies  nicht  für  alle  Untersuchungen  tierischen 
Verhaltens  schlechthin  gilt.  Selbst  wenn  man  bewußt  das  Forschungsinteresse  auf  ein  sehr 
kleines  Untersystem  der  Ganzheit  beschränkt,  ist,  so  will  mir  scheinen,  die  Kenntnis  des 
ganzen  Verhaltensinventars  der  untersuchten  Tierart  unumgänglich  nötig.  Ohne  sie  weiß 
der  Untersucher  ja  gar  nicht,  was  nun  eigentlich  die  Antwort  sei,  mit  der  das  System  auf 
seine  Maßnahmen,  welche  immer  das  sein  mögen,  reagiert. 

Schon  um  zu  wissen,  ob  eine  beobachtete  Verhaltensweise  dem  artgemäßen  Verhalten  in 
freier  Natur  entspricht,  oder  ob  sie  pathologisch  sei,  muß  der  Untersucher  seine  Tierart 
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sehr  genau  kennen.  Unzählige  Irrtümer  beruhen  darauf,  daß  der  pathologische  Intensitäts- 
Verlust  oder  das  völlige  Schwinden  zentralkoordinierter  Bewegungsweisen  für  , »normal“ 
angesehen  wurden.  Zur  Tierkenntnis  als  Forschungsmethode  gehört  auch  ein  gewisses 
Maß  an  ,, klinischem  Blick“,  den  man  nur  m  langer  Erfahrung  zu  erwerben  vermag.  Ich 
werfe  einem  sehr  großen  Teil  der  jüngeren  Forscher,  die  sich  selbst  für  Ethologen  halten, 
einen  bedauerlichen  Mangel  an  Tierkenntnis  und  klinischem  Blick  vor. 

Oskar  ITfinroth  ist  der  Prototyp  des  induktiven  Naturforschers  gewesen.  Er  hat 
immer  die  Induktionsbasis  für  wichtiger  gehalten  als  alle  Gebäude  noch  so  scharfsinniger 
Schlußfolgerungen,  die  sich  auf  dieser  Grundlage  erheben.  Er  hat  Tinbergen  und  meinen 
theoretischen  Folgerungen  immer  etwas  zögernd  recht  gegeben.:  ,,Ja,  ja,  das  ist  schon 
richtig,  aber  so  möchte  ich  es  doch  eigentlich  nicht  sagen.“  Sehr  oft  hat  er  Theorien,  die  in 
einzelnen  Punkten  falsch  waren,  durch  Gegenbeispiele  widerlegt,  sein  Allgemeinwissen 
über  tierisches  Verhalten  war  enzyklopädisch.  Wenn  ich  einige  Zeit  mit  FFeinroth 
verbracht  hatte,  schied  ich  nie  von  ihm,  ohne  irgendetwas  Tatsächliches  von  ihm  gelernt  zu 
haben,  was  von  unvergeßlichem  Werte  war.  Wenn  ich  daran  denke,  kann  ich  mich  nicht 
eines  großen  Bedauerns  enthalten  über  die  ungeheure  Menge  des  Wissens,  die  dieser  Mann 
mit  ms  Grab  genommen  hat. 

FIeinroth  liebte  es,  sich  ein  wenig  zynisch  zu  geben,  besonders  wenn  sich  die 
Möglichkeit  bot,  spießbürgerliche  Menschen  ein  wenig  zu  schockieren.  In  Wirklichkeit 
war  er  das  Gegenteil  von  einem  Zyniker.  Er  stand  den  großen  Wundern  der  Natur  mit  aller 
gebührenden  Ehrfurcht  gegenüber,  vor  allem  dem  schöpferischen  Geschehen  der  Evolu¬ 
tion.  Er  konnte  ernstlich  böse  werden,  wenn  er  hörte,  wie  Besucher  des  Aquariums 
oder  des  Zoos  über  ein  Tier  lachten,  das,  wie  ein  Ameisenbär,  ein  Chamäleon  oder  ein 
Anglerfisch  durch  die  bizarren  Formen  seiner  extremen  Anpassung  die  Fieiterkeit  der 
Besucher  erregte.  Ich  habe  ihn  bei  einer  solchen  Gelegenheit  sagen  hören:  ,,Der  lacht  doch 
gerade  über  das,  was  für  unsereinen  der  liebe  Gott  ist.“ 
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Erwin  Stresemann  Memorial  Lecture 

Ernst  Mayr 

It  would  be  unthinkable  to  hold  an  International  Ornithological  Congress  in  Berlin 
without  paying  tribute  to  the  memory  of  that  great  man  who  for  50  years  dominated  the 
intellectual  life  of  German  and,  indeed,  of  World  ornithology.  When  Stresemann 
celebrated  his  80th  birthday,  I  had  the  honor  to  present  him,  on  behalf  of  the  Deutsche 
Ornithologen  Gesellschaft,  a  congratulatory  message.  May  I  be  permitted  to  quote  a  few 
sentences  from  this  message,  because  they  express  my  evaluation  of  his  achievements  in  a 
manner,  on  which  I  can  hardly  improve. 

Lieber  Freund, 

Trotz  aller  Betonung  der  Freiheit  wissenschaftlicher  Forschung  bedarf  es  der  Führer  in 
der  Wissenschaft  genau  wie  anderswo.  Die  Ornithologie  war  in  den  20er  Jahren  eines 
solchen  Führers  dringend  bedürftig.  In  den  großen  Museen  der  Welt,  in  denen  die  meisten 
Fachornithologen  tätig  waren,  war  die  Vogelsystematik  zum  Selbstzweck  geworden.  Die 
Gattungen  wurden  immer  feiner  gespalten,  bis  schließlich  fast  jede  Art  ihre  eigene  Gattung 
hatte,  und  die  Subspezies  wurden  einer  ähnlichen  Pulverisierung  unterworfen.  Die 
Verfasser  der  Lokalfaunen  taten  es  nicht  besser,  ihr  Ideal  war  es  geworden,  möglichst  viele 
Raritäten  aufzuführen.  Die  große  Linie  war  völlig  verloren  gegangen. 

Da  hast  Du  Fenster  und  Türen  geöffnet  und  eine  neue  Luft  durch  die  Hallen  der 
Ornithologie  wehen  lassen.  Obwohl  Du  das  Journal  1922  unter  den  schwierigsten 
Umständen  (Nachkriegswirren,  Inflation)  übernahmst,  ist  es  Dir  doch  rasch  gelungen,  es 
in  neue  Bahnen  zu  leiten.  Themen  aus  den  Gebieten  der  Evolution,  der  Genetik,  des 
Verhaltens  fanden  plötzlich  bereitwillig  Zugang  zum  Journal.  Gleichzeitig  hast  Du  am 
Zoologischen  Museum  der  Universität  Berlin  eine  ornithologische  Schule  gegründet,  die 
bald  einen  weltweiten  Ruf  hatte.  In  selbstlosester  Weise  fördertest  Du  einen  Briefwechsel 
mit  jungen  Vogelfreunden  in  allen  Teilen  Deutschlands  und  der  Welt,  und  warbst  damit 
viele  Mitarbeitern,  die  ohne  deine  Ermutigung  Dilettanten  geblieben  wären.  In  weniger  als 
zehn  Jahren  hast  Du  es  fertiggebracht,  das  Journal  zur  führenden  ornithologischen 
Zeitschrift  zu  machen.  Ja,  es  entwickelte  sich  zu  einer  Zeitschrift,  die  sich  durchaus  mit 
den  besten  zoologischen  Zeitschriften  der  Welt  messen  konnte.  Das  Ideal,  das  Du  der 
Welt-Ornithologie  setztest,  hat  Ibis,  Auk,  Gondor  und  Ardea  als  glückliches  Vorbild 
gedient. 

Daß  sich  für  die  Ornithologie  in  den  20er  Jahren  eine  neue  Epoche  eröffnete,  verdankt 
sie  Deinem  Schöpfertum  und  Deiner  Schaffenskraft.  Aere  perennius  ist  das  Denkmal,  das 
Du  Dir  mit  Deinem  wissenschaftlichen  Lebenswerk  gesetzt  hast. 

And  now  let  us  ask,  what  were  Stresemann’s  contributions  to  bird  taxonomy?  The  area 
of  avian  classification  in  which  Stresemann  was  most  interested  and  in  which  he  was  a 
master,  was  the  study  of  species.  He  realized  that  the  species  is  the  keystone  of  all 

Museum  of  Comparative  Zoology,  Harvard  University,  Cambridge,  Massachusetts,  U.  S.  A. 


96 


ERWIN  STRESEMANN  MEMORIAL  LECTURE 


biological  research  and  he  considered  it  his  major  objective,  as  an  avian  taxonomist,  to 
clarify  the  Status  of  the  hundreds  it  not  thousands  of  doubtful  nominal  species  which 
cluttered  up  the  literature.  More  clearly  than  any  of  his  contemporaries,  he  saw  that  three 
quite  separate  problems  had  to  be  solved  in  order  to  achieve  this  task: 

(1)  First,  all  sibling  species-complexes  had  to  be  dissected  into  the  component  species; 

(2)  Second,  all  morphs  (or  “Mutationen”  as  Stresemann  called  them)  had  to  be 
unmasked  and  assigned  to  the  populations  of  which  they  form  part; 

(3)  and  finally,  all  geographical  isolates  had  to  be  assigned  to  the  polytypic  species  to 
which  they  belong. 

Let  me  begin  with  points  (1)  and  (2).  In  line  with  his  endeavor  to  straighten  out 
complexes  of  sibling  species,  Stresemann  systematically  revised  one  difficult  genus 
after  the  other,  such  as  Collocalia,  Accipiter,  Zosterops,  Cyorms,  Pericrocotus,  and  many 
others  I  might  care  to  mention.  These  revisions  were  not  necessarily  the  last  word,  but  in 
each  case  they  converted  existing  chaos  at  least  into  preliminary  order.  (For  a  bibliography 
of  these  revisions,  see  Mitt.  Zool.  Mus.  Berlin  46  (1970),  p.  7-29,  and  J.Orn.  114  (1973), 
482-500.) 

The  second  area  to  which  Stresemann  devoted  literally  scores  of  publications  was  the 
phenomenon  he  called  “Mutationen”,  in  line  with  the  terminology  of  the  early  Mendel- 
ians,  but  now  called  morphs.  Again  and  again  Stresemann  showed  that  a  so-called  species 
of  the  ornithological  literature  was  nothing  but  a  color  variant  of  another  species  and  could 
be  stricken  from  the  inventory  of  avian  species. 

By  far  the  greatest  amount  of  effort  and  ingenuity,  however,  Stresemann  devoted  to  the 
correct  allocation  of  geographic  isolates.  Stresemann  always  considered  himself  a  disciple 
of  Ernst  Martert  and  he  followed  his  master  in  the  endeavor  to  assign  all  geographic 
isolates  to  the  polytypic  species  to  which  they  seemed  to  belong.  In  some  of  his  earhest 
papers  he  permitted  his  youthful  enthusiasm  to  carry  him  too  far.  For  instance,  the  forms 
which  he  combined  in  1916  in  Corvus  coronoides  we  now  assign  to  five  good  species.  At 
that  time  Stresemann  more  or  less  followed  the  principles  of  Kleinschmidt  according  to 
whom  all  geographic  representatives  had  to  be  combined  into  a  single  Formenkreis.  In  the 
mid-1920’s  Stresemann  abandoned  this  extremism  and  we  find  in  the  J.Orn.  for  1927  a 
rather  amusing  controversy  between  Stresemann  and  Martert  on  the  question  whether 
the  desert  horned  lark  of  the  Sahara  (Eremophila  bilopha)  should,  or  should  not,  be 
included  in  the  Molarctic  Eremophila  alpestris,  with  Stresemann  defending  the  recog- 
nition  of  bilopha  as  a  separate  species. 

More  important  than  such  rather  technical  matters  was  Stresemann’s  consistent 
emphasis  on  the  primacy  of  biological  over  morphological  criteria.  In  1919,  in  his  Certhia 
revision,  he  gave  an  excellent  definition  of  the  biological  species.  Me  said  (1919:64)  that 
speciation  is  then  completed  “when  two  speciating  forms  have  diverged  physiologically 
from  each  other  to  such  an  extent  that  they  can  come  together  again  in  nature  without 
interbreeding.”  And  he  emphasized  that  “morphological  divergence  is  independent  of 
physiological  divergence”  (page  66).  At  a  later  period  (1943)  he  was  one  of  the  first  to 
stress  the  fact  that  speciation  affects  not  only  reproductive  isolation  but  also  ecological 
divergence,  and  that  the  adaptation  of  populations  to  new  habitats  and  ecological  niches  is 
often  a  decisive  component  in  the  speciation  process. 
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Again  and  again  Si  rhsi  mann  was  pioneering  with  new  taxonomic  ideas.  He  exerted  a  far 
reaching  influence  not  only  through  his  philosophy  which  dominated  what  was  published 
in  the  J.Orn.  but  also  through  his  students  like  niyself  and  Miasi-  or  through  his  associates 
at  the  Berlin  Museum  like  Rfnsch. 

I  shall  repeatedly  eome  back  to  S trksfmann’s  ideas  but  let  me  now  concentrate  on  the 
special  subject  matter  of  my  presentation. 


Microtaxonomy 

One  can  distinguish  two  levels  at  which  activities  of  classification  are  performed. 
Classification  at  the  species  level  can  be  referred  to  as  microtaxonomy,  and  classification  at 
the  level  of  the  higher  categories  as  macrotaxonomy.  As  far  as  the  species  level  is 
concerned,  it  is  generally  admitted  that  avian  taxonomy  is  more  mature  than  that  of  any 
other  grttup  of  organisms.  Yet,  even  at  this  level,  complete  stability  has  not  yet  been 
achieved  as  becomes  evident  when  we  attempt  to  answer  the  question:  How  many  species 
of  birds  are  there?  We  then  realize  that  we  first  have  to  answer  the  question:  What  factors 
affect  the  recognition  and  delimitation  of  bird  species?  When  we  try  to  answer  this 
question,  we  discover  that  there  are  three  sets  of  such  factors  and  that  they  are,  in  part,  in 
confhct  with  each  other. 

1.  The  downgrading  of  geographical  isolates  from  the  rank  of  species  to  subspecies  in 
the  course  of  the  revision  of  polytypic  species; 

2.  The  discovery  of  genuinely  new  species,  including  the  unmasking  of  previously 
unrecognized  sibling  species,  also  the  discovery  of  geographical  overlaps  of  taxa  previously 
considered  subspecies; 

3.  The  recent  trend  to  Upgrade  highly  distinct  and  geographically  isolated  subspecies  to 
the  rank  of  allospecies. 

Let  me  now  discuss  these  three  sets  of  causes  before  coming  to  a  final  conclusion.  The 
downgrading  of  thousands  of  geographic  isolates,  originally  described  as  full  species,  to 
the  rank  of  subspecies  together  with  their  assemblage  into  polytypic  species  was  one  of 
the  major  concerns  of  the  New  Systematics.  Stresemann  was  one  of  the  leaders  in  this 
endeavor.  This  phase  of  the  new  systematics  is  now  virtually  completed  but  a  comparison 
of  faunal  lists  published  between  the  1930’s  and  1970’s  shows  how  recent  much  of  the 
work  was. 

When  Peters  in  1931  published  the  first  volume  of  his  Checklist  of  Birds  of  the  World, 
he  presented  what  he  considered  a  definitive  list  of  species.  His  expectation,  however,  was 
not  ftilfilled;  the  changes  in  the  past  48  years  are,  indeed,  quite  astounding  (Table  1). 

The  second  factor  which  affects  the  stability  of  species  classification  is  the  discovery  of 
new  species.  The  question  here  is:  How  complete  is  our  inventory  of  avian  species?  There 
is  no  doubt  that  an  appreciably  large  number  of  species  was  still  to  be  discovered  in  the 
1920’s  and  1930’s.  At  that  time  within  less  than  10  years  I  myself  was  able  to  describe  more 
than  20  new  species,  all  of  them  from  the  circtimscribed  Island  region  east  of  New  Guinea. 
The  law  of  diminishing  returns,  however,  has  asserted  itself  in  the  meantime  and  most 
young  bird  taxonomists  will  never  have  the  opportunity  to  describe  even  a  new  single 
species.  But  when  will  the  last  bird  be  discovered? 
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I’m  afraid  I  have  consistently  underestimated  the  number  of  still  undiscovered  species. 
In  1935  (page  22)  I  predicted  “I  believe  that  the  number  of  still  undescnbed  species  of  birds 
is  below  100.”  About  140  good  new  species  have  already  been  described  since  that  date. 
Surely,  this  is  an  impressive  figure,  even  though  it  is  only  1.6%  of  the  total  of  species 
known  in  1935. 

Table  1.  Changes  in  the  inventory  of  avian  species  between  1930  and  1978. 


Number  of  species  recognized  in  Volume  1  (1930)  of  Peters’  853 

Number  of  these  “species”  since  reduced  to  subspecies  or  Synonyms  101 

752 

Number  of  valid  new  species  since  1930  13 

Taxa  listed  by  Peters’  as  subspecies  or  Synonyms  but  considered  full  species  in  1978  34 

Taxa  considered  species  in  1978  799 


More  interesting  is  the  question  where  the  new  species  are  being  discovered.  Prior  to  1960 
more  than  half  of  the  new  species  came  from  the  Indo-Australian  island  region,  from 
Southeast  Asia,  or  from  more  or  less  isolated  mountain  areas  in  Africa,  in  other  words 
from  the  Old  World.  But  the  number  of  such  Islands  and  mountains  is  limited  while  the 
unexplored  portions  of  South  America,  particularly  the  slopes  of  the  Andes  seem 
inexhaustible.  As  a  result,  the  percentage  of  American  species  among  the  new  species  has 
been  steadily  increasing  (Table  2).  Yet,  it  would  seem  improbable  that  an  annual  rate  of 
more  than  3  new  species  can  be  continued  much  longer. 


Table  2.  New  species  of  birds  1938-1975. 


Years 

1938-1941 

1941-1955 

1956-1965 

196^1975 

Presumably  valid  new  species  described 

25 

36 

33 

34 

No.  per  year 

6.2 

2.5 

3.3 

3.4 

Percent  New  World 

44% 

47% 

52% 

56% 

The  final  number  of  species  to  be  recognized  by  the  ornithologists  will  far  less  depend 
on  future  new  discoveries  than  on  the  third  of  the  factors,  I  have  listed  above,  future 
changes  in  the  species  concept. 


The  species  problem  today 

It  is  now  evident  that  the  combining  of  geographical  isolates  into  polytypic  species  was 
not  the  final  solution  to  the  species  problem  in  ornithology.  As  a  matter  of  fact,  as  in  other 
groLips  of  animals  there  are  two  kinds  of  species  problems,  the  first  being  the  delimitation 
of  taxa  and  the  second  being  the  decision  concerning  the  appropriate  rank  (species  or 
subspecies)  of  these  taxa.  All  the  cases  where  we  deal  with  complexes  of  sibling  species 
such  as  are  found  in  Europe  in  the  tree  creepers,  the  great  titmice,  and  Phylloscopus,  or 
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elsewhere  in  the  world  in  the  genus  Collocalia,  the  Meliphaga  analoga  group  of  honey 
eaters  in  New  Guinea,  and  certain  tyrant  flycatchers  (Empidonax,  Elainia,  Myiarchus, 
etc.),  pose  a  problem  of  the  recognition  of  species  taxa.  In  these  cases  fiele!  work  (the  study 
of  vocalization,  etc.)  may  be  necessary  for  a  final  answer.  A  typical  case  is  the  African 
genus  Vidua  with  exceedingly  similar  sympatric  host  races  which  are  considered  good 
species  by  some  authors  but  not  by  others.  ln  a  case  as  that  of  Vtdua  where  the  males  seem 
to  learn  the  song  of  the  host  species,  the  final  decision  may  be  very  difficult,  and  it  may  be 
necessary  to  test  specific  distinctness  through  protein  analysis  or  other  methods.  Never- 
theless,  when  we  add  up  the  totality  of  such  difficult  sibling  species  complexes  in  all 
Orders  of  birds  in  all  parts  of  the  world,  we  arrive  at  an  astonishingly  small  number.  In 
other  words,  the  task  of  the  correct  discrimination  of  species  taxa  in  birds  is  virtually 
completed. 

The  Situation  is,  however,  drastically  different  as  far  as  the  decision  is  concerned,  of  how 
to  rank  these  taxa.  Let  me  make  this  clear  by  a  rapici  historical  survey.  Ever  since 
geographic  Variation  in  birds  was  recognized,  and  this  recognition  goes  as  far  back  as 
Pallas  at  the  end  of  the  18th  Century,  there  has  been  great  uncertainty  as  to  how  far  to  go 
in  the  inclusion  of  geographically  representative  forms  in  a  single  species.  The  American 
school  of  Baird,  Coues,  and  Ridgway  adopted  the  principle  to  include  only  those  forms 
in  polytypic  species  that  intergrade  with  each  other.  The  German  ornithologist  Klein¬ 
schmidt  went  to  the  other  extreme  by  proposing  to  combine  all  related  species  into  a 
single  taxon  as  long  as  they  were  more  or  less  representing  each  other  geographically.  He 
called  such  assemblages  Formenkreise,  realizing  himself  that  such  an  aggregate  of  allopatric 
populations  was  far  more  inclusive  than  biological  species.  Nevertheless,  he  found  a 
number  of  followers,  and  for  a  while  even  Stresemann  combined  allopatric  species  with 
an  impetuous  enthusiasm,  until  he  realized  that  such  assemblages  of  allopatric  forms  are 
highly  heterogeneous.  In  view  of  this  Situation,  Rensch  (1928)  proposed  to  recognize  two 
kinds  of  Formenkreise,  those  that  are  composed  of  genuine  geographic  races  which  he 
called  Rassenkreise,  and  those  which  also  included  allopatric  species  which  Rensch  called 
Artenkreise.  In  order  to  make  Rensch’s  concepts  more  accessible  internationally,  Mayr 
translated  the  term  Rassenkreise  into  polytypic  species  and  the  term  Artenkreise  into 
superspecies  (1931).  This  terminological  distinction  was  important  in  order  to  make  clear 
that  geographical  replacement  is  not  sufficient  to  prove  conspecificity. 

At  first,  this  distinction  had  little  influence  on  taxonomic  practice  in  ornithology  and 
only  few  authors  adopted  the  superspecies  concept.  When  in  doubt,  geographically 
representative  forms  continued  to  be  called  subspecies  since  this  ranking  seemed  to  convey 
more  information.  As  a  consequence,  the  polytypic  species  of  the  period  1920  to  about 
1955  was  very  broadly  defined.  Eventually,  however,  it  was  increasingly  recognized  that  it 
concealed  important  evolutionary  differences  to  rank  all  geographical  isolates  as 
subspecies,  including  those  for  which  morphological  and  other  criteria  clearly  indicated 
that  they  had  already  reached  species  level.  The  result  has  been  an  ever  greater  use  of  the 
category  superspecies  in  the  recent  ornithological  literature. 

The  use  of  the  superspecies  encouraged  raising  many  geographical  isolates,  previously 
called  subspecies,  to  the  rank  of  allospecies,  particularly  in  island  regions.  However, 
treating  allospecies  as  equivalent  to  species  that  are  not  members  of  superspecies,  leads  to 
a  sharp  increase  in  the  number  of  recognized  species,  independent  of  any  discovery  of 
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actual  new  species.  Let  me  give  you  some  examples  (based  on  Vuilleumier,  1976).  In  the 
genus  Diglossa,  for  instance,  Hellmayr  (1935)  and  all  subsequent  authors  recognized  11 
species  while  Vuilleumier  raised  the  total  to  17  by  recognizing  6  additional  allospecies. 
Similarly,  in  the  genus  Ortalis  some  recent  authors  recognize  only  6  species,  others  11;  in 
Penelope  some  authors  recognize  6  species,  others  15  for  the  same  populations.  Many  birds 
from  the  Polynesian  Islands,  the  Solomon  Islands,  and  New  Guinea  which  I  treated  as 
subspecies  in  the  1930’s  and  1940’s,  I  now  consider  to  be  allospecies  in  more  widespread 
superspecies.  In  the  1940’s,  prior  to  this  development,  counts  of  the  total  number  of 
species  of  birds  in  the  world  fluctuated  around  8,600.  At  that  time,  even  though  new 
species  were  added  at  the  rate  of  three  to  five  per  year,  many  isolated  forms  that  had  been 
previously  listed  as  species  were  reduced  at  about  the  same  rate  to  the  rank  of  subspecies 
and  thus,  the  grand  total  did  not  change  materially  over  many  years.  However,  in  the  most 
recent  count  the  number  of  all  bird  species  (by  Bock)  the  total  has  risen  to  9,021  and  it 
may  rise  to  9,500  when  the  new  criteria  for  species  recognition  are  consistently  applied  to 
all  bird  faunas  of  the  world. 

The  recognition  of  allospecies  raises  various  problems,  particularly  for  zoogeography,  as 
was  seen  by  Rensch  at  an  early  stage.  When  one  compares  different  faunas,  it  would  be 
quite  misleading  to  give  the  same  weight  to  allospecies  as  to  genuine  species  that  are  not 
members  of  superspecies.  Many  superspecies  of  New  Guinea  birds,  for  instance,  have  a 
different  allospecies  in  almost  every  mountain  ränge  (e.  g.  Astrapia,  Parotia).  Superspecies 
are  particularly  widespread  in  archipelagos,  like  the  West  Indies  or  the  Solomon  Islands, 
and  when  comparing  the  fauna  of  such  island  regions  with  that  of  the  nearest  mainland,  the 
unit  of  comparison  must  be  the  superspecies,  or  more  correctly  the  new  category 
“Zoogeographie  species,”  composed  of  superspecies  and  all  those  isolated  species  that  are 
not  members  of  superspecies.  The  importance  of  this  distinction  for  Zoogeographie 
comparisons  can  be  shown  by  a  few  examples.  The  total  number  of  species  breedmg  in 
Northern  Melanesia  is  237.  By  allowing  only  one  species  per  superspecies  the  figure 
reduces  to  187  Zoogeographie  species,  a  reduction  of  21%.  The  total  number  of  breeding 
North  American  birds  is  518  but  the  number  of  Zoogeographie  species  is  only  471,  a 
reduction  of  9,1%.  For  the  world  as  a  whole,  I  estimate  the  number  of  Zoogeographie 
species  to  be  about  7,000  ±  200. 

The  question  has  been  raised  (Vuilleumier,  1976)  whether  this  new  development  in  the 
ranking  of  isolated  populations  has  weakened  the  biological  species  concept.  In  my 
opinion  it  has  not.  The  biological  species  concept  has  validity  only  in  what  I  have  called  the 
“non-dimensional  Situation,”  that  is  where  populations  are  acutally  in  contact  with  each 
other.  The  allospecies  is  one  of  the  forms  of  semi-species,  that  is  of  forms  that  are  in  the 
transition  from  incipient  to  full  species.  Since  they  are  geographically  isolated  from  each 
other,  their  species  Status  cannot  be  tested  directly  but  can  only  be  inferred.  The  biological 
species  concept  itself  is  not  weakened  by  the  fact  that  there  are  situations  in  nature  where  it 
cannot  be  tested. 

Let  me  dose  this  part  of  my  discussion  by  emphasizing  two  points.  The  first  is  that  in 
ornithology  the  recognition  of  species  taxa  and  their  delimitation  has  reached  great 
maturity.  The  addition  of  a  few  unrecognized  sibling  species  or  undiscovered  species  will 
change  the  total  of  known  bird  species  by  less  than  one  percent.  The  Situation  is  different 
with  respect  to  geographical  isolates,  where  we  have  experienced  a  quiet  revolution  during 
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the  last  25  years  owing  to  the  application  of  the  superspecies  concept.  This  has  necessitated 
the  recognition  of  an  additional  category,  the  Zoogeographie  species,  the  use  of  which 
facilitates  the  comparison  of  different  bird  faunas. 

Let  me  add  a  few  comments  on  the  categories  below  and  above  the  species.  The 
subspecies  has  by  the  1970’s  lost  the  importance  it  had  when  I  was  a  budding  ornithologist. 
I  am  sure  that  at  the  present  time  more  subspecies  names  are  placed  in  synonymy  than 
new  ones  proposed. 

As  far  as  the  genus  is  concerned,  we  have  left  the  1920’s  far  behind,  when  Mathews 
(Australia),  Austin  Roberts  (South  Africa)  and  Oberholser  (North  America)  placed 
just  about  every  good  species  in  a  different  genus.  Professor  Bock  very  kindly  has  made 
the  latest  count  of  genera  available  to  me.  According  to  the  Standards  of  the  latest  revisions 
2,045  genera  are  now  recognized  for  9,021  species  and  allospecies.  This  makes  for  an  overall 
average  of  4.41  species  per  genus.  With  a  consistent  adoption  of  superspecies,  it  miqht 
seem  advisable  to  broaden  to  genus  concept  and  to  reduce  the  total  number  of  genera  to 
about  1,750.  At  the  same  time  this  would  be  in  conflict  with  the  function  of  a  stable 
binomen  as  an  Information  retrieval  device.  Time  will  teil  how  this  conflict  will  be 
resolved. 


Macrotaxonomy 

Let  me  now  turn  to  macrotaxonomy,  the  Science  of  classification.  It  deals  with  the 
determination  of  relationship  among  families  and  Orders  and  with  Converting  it  into  a 
most  useful  classification.  For  a  biologist  the  primary  objective  of  a  classification  is  to 
provide  the  foundation  for  comparative  studies  and  one  might  even  go  so  far,  as  was  done 
by  Bock  (1976:178),  to  say  that  the  best  classification  is  the  one  that  permits  the  most 
useful  comparative  investigations. 

Those  who  are  not  personally  active  in  taxonomic  research  do  not  appreciate  the 
immense  amount  of  work  that  is  required  for  the  improvement  of  a  classification.  Let  us 
say  there  are  2,000  genera  of  birds.  For  each  of  these  genera  one  must  answer  numerous 
questions.  First,  what  species  should  be  included  in  this  genus,  second,  is  the  respective 
genus  justified  or  could  it  just  as  well  be  combined  with  another  genus,  third,  what  other 
genus  is  nearest  to  it,  or  more  broadly  spoken,  to  what  family  does  the  genus  belong? 
And  finally,  into  which  suborders  and  Orders  should  these  families  be  combined? 

Taxonomic  research  above  the  level  of  the  species  and  particularly  above  that  of  the 
genus  was  badly  neglected  during  the  period  of  the  new  systematics,  let  us  say  up  to  the 
1950’s.  Stresemann,  for  instance,  was  not  particularly  interested  in  this  area  of  taxonomy. 
Essentially,  he  simply  adopted  the  classification  of  Fürbringer.  He,  who  at  the  level  of 
species  and  genera  was  such  a  lumper,  was  definitely  a  Splitter  at  the  level  of  the  higher 
categories.  He  recognized  51  Orders  of  birds,  as  against  the  27  or  28  Orders  recognized  by 
most  other  ornithologists.  His  attitude  about  the  relationships  of  these  Orders  was  quite 
agnostic  as  expressed  in  his  well  known  Statement:  “In  view  of  the  continuing  absence  of 
trustworthy  Information  on  the  relationship  of  the  higher  categories  of  birds  to  each  other, 
it  becomes  strictly  a  matter  of  Convention  how  to  group  them  into  Orders.  Science  ends 
where  comparative  morphology,  comparative  physiology,  comparative  ethology  have 
failed  us  after  nearly  200  years  of  efforts.  The  rest  is  silence”  (Auk  1959,  76:277-278). 


102 


ERWIN  STRESEMANN  MEMORIAL  LECTURE 


Such  pessimism,  however,  was  an  extreme  and  rather  isolated  attitude  among  ornitholo- 
gists.  Nevertheless,  the  backward  state  of  avian  classification  right  up  to  the  1960’s  cannot 
be  denied.  For  instance,  there  is  not  a  single  bird  fauna  in  the  world  that  does  not  have  its 
share  of  genera  that  raise  questions.  In  North  America  for  instance  the  Dickcissel  (Spiza), 
the  Pinon  Jay  (Gymnorhinus),  the  Verdin  (Auriparus),  the  Wren  tit  (Chamaea),  the 
Dipper  (Cmdus),  the  Solitaire  (Myadestes),  the  Phainopepla,  the  Olive  Warbler 
(Pencedramus),  etc. 

As  far  as  the  New  Guinea  fauna  ist  concerned  (in  part  shared  with  Australia)  one  might 
mention  the  following  genera:  Daphoenositta,  Drymodes,  Eulacestoma,  Eupetes,  Ifrita, 
Machaenrhynchus,  Melampitta,  Oreocharis,  Orthonyx,  Pachycare,  Paramythia,  Peltops, 
and  Timeliopsis. 

Among  Australian  genera,  one  might  mention  the  following:  Artamus,  Ashbyia, 
Atnchornis,  Cmcloramphus,  Cinclosoma,  Climacteris,  Corcorax,  Dasyornis,  Ephthianu- 
ra,  Eremiornis,  Ealcunculus,  Grallina,  Menura,  Neositta,  Psophodes,  and  Struthidea. 

In  all  these  cases  either  the  assignment  to  the  family  is  in  doubt  or  eise  the  placement 
within  a  family.  All  of  the  13  genera  I  have  listed  are  passerine  birds.  Even  more  serious  is 
the  Problem  with  such  isolated  genera  as  those  of  the  whale-headed  Stork  (Balaeniceps)  or 
the  Hoatzin  (Opisthocomus)  or  of  isolated  Orders  like  those  of  the  flamingos  and  tinamous, 
the  placement  of  which  is  still  quite  controversial.  We  will  never  attain  a  perfect 
classification  of  birds  until  all  these  genera  and  isolated  families  and  Orders  througout  the 
world  have  been  properly  assigned  to  their  right  places.  Since  there  are  numerous  such 
genera  in  the  tropics  of  Asia,  Africa  and  South  America,  there  is  still  a  very  large  task 
ahead  of  us. 

How  uncertain  the  classification  of  birds  is,  is  perhaps  best  illustrated  by  pointing  out 
that  there  is  no  certainty  for  most  of  the  28  Orders  of  birds,  now  usually  recognized, 
which  other  order  is  its  nearest  relative.  Let  us  take  the  Passeriformes  for  which  some 
authors  postulate  that  they  were  derived  from  the  Piciformes,  others  from  the  Apodi- 
formes,  and  still  others  from  the  Coraciiformes. 

As  I  said,  during  the  flowering  of  the  new  systematics,  let  us  say  from  the  1920’s  to  the 
1950’s,  classification  studies  were,  for  a  number  of  reasons,  badly  neglected.  But  the 
Situation  has  now  changed.  I  entirely  agree  with  Bock  (1975:176)  who  said  at  Canberra: 
“  . . .  the  past  25  years  have  been,  without  doubt,  the  most  active  period  in  the  history  of 
avian  classification.”  This  is  even  more  true  in  1978  as  documented  by  the  symposia  and 
discussion  groups  at  this  Congress. 

What  are  the  reasons  for  this  renewed  activity?  There  is  first  of  all  the  realization  how 
sadly  the  classification  of  birds  had  been  neglected  during  the  era  of  the  new  systematics 
and  in  what  deplorably  bad  condition  it  was.  This  new  interest  led  to  the  search  for,  and 
the  discovery  of,  whole  sets  of  new  characters  which  made  the  task  of  finding  an  improved 
classification  far  more  hopeful.  Equally  important  was  the  fact  that  a  new  interest  in  the 
concepts  of  classification  developed  in  the  period  after  1950  and  that  the  heated 
controversies  on  some  of  the  new  theories  helped  to  revive  an  interest  in  macrotaxonomic 
research.  Both  preconditions  were  obviously  highly  necessary  because  in  order  to  establish 
a  sound  classification  one  must  first  have  a  sufficient  number  of  characters  to  work  with, 
and  one  must  secondly  have  a  sound  conceptual  framework  within  which  to  develop  one’s 
conclusions. 
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Taxonomie  characters 

Let  US  begin  with  the  problem  of  taxonomic  characters.  ln  the  early  stages  of  taxonomy, 
for  instance  in  ornithology  in  the  18th  and  early  19th  centuries,  classifications  served 
simultaneously  also  as  Identification  keys.  This  necessitated  the  basing  of  classifications  on 
single  characters:  feet  with  webs  or  not;  bill  hooked  or  not.  Perceptive  authors,  from  the 
very  beginning,  recognized  that  the  tyranny  of  single  characters  leads  to  the  establishment 
of  artificial  groups  based  on  convergence.  John  Ray,  as  well  as  Buffon  and  his  followers, 
proposed  instead,  in  contrast  to  the  Linnaeans,  to  base  classifications  on  an  ensemble  of 
characters. 

As  much  as  ornithologists  pay  lip  Service  to  the  fallibility  of  single  characters, 
nevertheless  whenever  a  new  taxonomically  useful  character  is  found,  it  tends  to  be  made 
the  basis  of  rather  sweeping  taxonomic  proposals.  This  has  been  true  for  the  structure  of 
the  syrinx,  certain  muscle  patterns,  the  scutellation  of  the  tarsus,  the  number  of  notches  on 
the  Sternum,  or  the  form  of  the  stapes.  All  of  these  characters  have  given  us  valuable 
Information  but  1  rather  suspect  that  not  a  single  one  of  them  is  infallible  and  that  all  of 
them  occasionally  break  down. 

The  foundation  of  all  of  our  classifications  is  still  given  by  morphological  characters. 
Since  Bock  (1975)  has  reviewed  at  Canberra  the  contributions  to  avian  taxonomy  made  by 
morphologists,  1  shall  not  cover  the  same  ground  again.  He  gave  a  characterization  of  what 
are  “good  taxonomic  characters”  and  has  emphasized  correctly  that  different  characters 
must  be  used  at  different  levels  of  the  taxonomic  hierarchy.  Morphological  characters  are 
particularly  valuable  because  some  of  them  permit  a  connection  with  the  fossil  record.  Yet, 
much  of  the  morphological  analysis  concerns  characters  that  do  not  fossilize,  like  the 
syrinx,  the  various  muscle  Systems,  the  intestinal  tract,  and  the  sense  Organs.  Exactly  in 
this  area  some  excellent  studies  have  been  made  in  recent  years,  such  as  those  of  Ziswiller 
on  the  intestinal  tract,  and  some  unexpected  discoveries  have  been  made.  Olson  (1973)  has 
shown  US  how  much  the  classification  of  a  family  of  birds  can  be  improved  simply  by  an 
intelligent  evaluation  of  morphological  characters,  the  rails  being  the  group  he  studied. 

The  Boat-billed  Heron  (Cochlearius)  is  a  typical  case  where  a  conspieuous  morphological 
specialization  has  not  yet  been  fully  elucidated.  Wetmore  (1930),  owing  to  its  peculiar  bill, 
considered  this  bird  the  representative  of  a  separate  family,  while  Heinroth  and  following 
him  Bock  (1958),  thought  that  this  heron,  except  for  its  broad  bill,  was  a  typical  night 
heron  and  should  not  be  given  more  than  generic  rank;  Payne  &  Risley  (1976)  removed 
the  bird  again  from  the  night  herons  and  gave  it  the  rank  of  a  tribe.  It  was  generally 
assumed  that  the  broad  bill  had  developed  as  a  special  feeding  adaptation  but  the  latest 
reports  seem  to  indicate  that  the  feeding  habits  of  the  boat-bill  are  identical  with  those  of 
the  night  herons.  What  then  is  the  meaning  of  this  unusual  bill?  Is  it  a  courtship  adaptation 
(connected  with  bill  clapping)  and  if  so  how  highly  should  it  be  regarded?  1  am  using  this 
case  simply  to  illustrate  the  kinds  of  difficulties  one  encounters  in  the  evaluation  of 
morphological  characters.  1  shall  presently  say  more  about  the  use  of  characters  in 
classification,  but  want  first  to  say  a  word  about  the  fossil  record. 

Classification  and  the  fossil  record 

Nearly  20  years  ago  1  made  the  claim:  “1  think,  it  is  fair  to  state  that  with  the  spectacular 
exception  oi  Archaeopteryx,  there  is  not  a  single  case  in  which  a  fossil  bird  has  helped  us 
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to  improve  our  classification”  ( 1959:296).  One  may  argue  whether  this  Statement  was  valid 
even  in  1959  but,  considering  the  richness  of  new  fossil  material  described  smce  that  date, 
one  can  certainly  argue  whether  it  is  still  true. 

In  Order  not  to  be  misunderstood,  let  me  emphasize  that  we  are  deahng  with  two  very 
different  kinds  of  problems,  (1)  a  better  understandmg  of  previously  known  taxa  oi 
phyletic  lines,  and  (2)  the  discovery  of  new  fossils  which  represent  “missmg  links 
between  phyletic  lines  not  previously  known  to  be  related.  As  far  as  (1)  is  concerned, 
research  on  fossil  birds  has  indeed  made  great  progress  m  recent  decades.  A  renewed  study 
of  fossil  material  has  revealed  numerous  cases  where  certain  genera  or  even  famihes  had 
been  misidentified  or  been  placed  m  the  wrong  higher  taxon.  Many  species  and  genera 
described  by  the  pioneers  of  paleornithology  had  to  be  synonymized  or  shifted  to  different 
families  or  Orders.  Previously  claimed  relationships  were  refuted.  Typical  examples  are  the 
Australian  family  of  Dromornithidae  which  Pat  Rich  showed  to  have  nothmg  to  do  with 
the  New  Zealand  Moas  or  the  revising  of  the  fossil  Gruiformes  and  moas  by  Cracraft. 
The  more  careful  morphological  analysis  of  the  younger  generation  of  students  has  led  to  a 
far  better  understanding  of  fossil  birds.  The  new  discoveries  concernm^Archaeopteryx  and 
the  Cretaceous  toothed  birds  is  splendid  evidence. 

Archaeopteryx 

That  the  birds  are  derived  from  the  reptiles  and  that  the  Jurassic  iossW  Archaeopteryx  is 
an  almost  ideal  missing  link,  has  been  uncontroversial  for  generations.  It  was  hkewise 
understood  that  the  birds  originated  from  that  branch  of  the  reptiles  called  the  Archo- 
sauria,  to  which  also  belonged  the  pterodactyls,  crocodilians  and  dinosaurs.  What  was 
controversial,  however,  was  the  exact  place  within  the  Archosauria  that  had  given  rise  to 
the  birds.  Heilman,  in  his  well-known  monograph  on  Archaeopteryx,  opted  for  an  early 
origin,  that  is  from  a  group  called  the  pseudosuchians,  thus  before  the  actual  spht  of  the 
archosaurians  into  the  various  branches.  If  this  interpretation  were  correct,  the  birds 
would  be  first  Cousins  to  the  dinosaurs  and  crocodilians.  This  view  has  been  challenged  in 
a  recent  reanalysis  by  J.  H.  Ostrom,  who  made  a  very  string  case  in  favor  of  a  direct 
derivation  of  the  birds  from  a  group  of  coelurosaurian  dinosaurs.  To  be  sure,  this 
conclusion  must  be  tested,  but  if  it  should  be  correct,  it  raises  some  interesting 
questions.  For  instance,  I  do  not  agree  with  the  assertion  of  some  cladists  that  the  new 
analysis  forces  us  to  rank  the  birds  among  the  dinosaurs,  as  a  suborder  of  winged 
dinosaurs.  As  far  as  I  am  concerned  the  invasion  of  the  new  adaptive  zone  by  the  ancestors 
of  the  birds  has  resulted  in  such  a  drastic  reorganization  of  morphology,  physiology,  and 
behavior  that  it  would  be  just  as  misleading  to  call  birds  winged  dinosaurs  as  it  would  be  to 
call  the  mammals  hairy  reptiles. 

Although  basically  this  has  nothing  to  do  with  the  classification  of  the  birds,  the  new 
theory  of  the  origin  of  the  birds  has  once  more  raised  the  problem  of  the  origin  of  flight. 
There  is  little  doubt  that  the  early  proaves  had  feathers  before  they  had  wings  and  before 
they  were  able  to  fly.  Among  the  various  theories  of  the  origin  of  feathers  that  of  Regal 
(1975)  is  most  persuasive  who  considers  them  an  adaptation,  originally  against  overheat- 
ing  and  eventually  as  facilitating,  quite  generally,  temperature  regulation  during  an  early 
period  of  not  yet  fully  developed  endothermy. 
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The  coel  urosaunans,  from  which  Ostrom  derives  the  birds,  were. small  terrestrial,  more 
or  less  bipedal,  reptdes.  The  classical  theory  of  the  origin  of  bird  tlight  is  that  the  ancestors 
of  Archaeopteryx  were  arboreal,  jumping  from  branch  to  brauch,  used  the  feathers  on  their 
anterior  extremities  to  prolong  their  jumps,  eventually  were  able  to  glide  and  fmally  shifted 
to  active  beating  of  the  wings.  Ostrom  considers  this  unlikely  since  he  does  not  believe 
that  a  terrestrial  running  coelurosaurian  has  the  type  of  legs  and  feet  that  are  suitable  to 
jump  on  to  branches  of  trees  and  from  branch  to  branch.  He  favors  a  theory,  first 
promoted  by  Nopcsa  (1907),  that  the  proaves  were  running  ever  faster  until  they  had 
sufficient  speed  to  be  lifted  off  the  ground  by  the  spreading  of  their  forearms.  The  Nopcsa 
theory  never  had  much  support  among  paleobiologists  because  upright,  bidepal  walking 
and  running  in  reptiles  led  in  all  other  cases  to  a  reduction  of  the  anterior  extremities.  To 
cope  with  the  difficulty  Ostrom  proposes  that  birds  had  a  second  function  for  their 
wmged  forearms,  that  of  catching  and  holding  prey.  To  me,  this  seems  an  improbable 
theory,  for  such  a  function  of  the  forearms  would  require  great  strength  and  heavy 
musculature  which  is  conspicuously  lacking  'm  Archaeopteryx.  For  this  reason  I  still  favor 
the  arboreal  theory  of  the  origin  of  bird  flight.  Furthermore,  it  would  seem  by  no  means 
very  difficult  for  running  bipedal  birds  to  jump  onto  branches  and  to  perch  on  trees.  The 
transition  toward  gliding  is  certainly  far  easier  for  an  arboreal  proavis  than  for  a  running 
one.  What  is  needed  now  is  a  more  detailed  analysis  of  the  foot  o{  Archaeopteryx  and  of  the 
coelurosaurian  dinosaurs  to  determine  to  what  extent  they  could  have  been  arboreal,  and 
of  the  wing  of  Archaeopteryx  to  determine  whether  or  not  it  could  have  had  a  function 
other  than  gliding  before  it  became  a  bird  wing. 

The  Cretaceous  toothed-birds 

The  reptilian  origin  of  birds  was  further  cemented  by  the  discovery  of  two  kinds  of 
extinct  Cretaceous  toothed-birds,  Hesperornis  and  Ichthyornis.  Until  recently  there  has 
been  considerable  uncertainty  about  these  fossils,  indeed  it  was  even  questioned  whether 
the  pieces  of  toothed  jaws  found  with  the  avian  skeletons  really  belonged  to  these  birds,  or 
rather  to  reptilian  species  associated  with  them  in  the  same  deposits.  We  are  now 
fortunate  to  have  a  modern  analysis  of  these  remarkable  early  birds  which  sheds  a  good 
deal  of  new  light  on  avian  phylogeny.  Gingerich  (1977)  has  not  only  clearly  demonstrat- 
ed  that  both  types  indeed  had  teeth  in  their  jaws  but  he  has  also  discovered  that 
Hesperornis  has  a  palate  that  has  all  the  characteristics  ascribed  to  the  palaeognathous 
palate  of  the  ratites  but  which  is  also  found  in  the  theropod  dinosaurs  that  gave  rise  to 
birds.  This  poses  a  number  of  entirely  new  questions.  Hesperornis  is  a  highly  specialized 
type  of  bird  but  the  general  conformation  of  I chthyornis  is  not  too  different  from  that  of  a 
modern  bird  (it  has  been  compared  with  a  gull)  except  for  the  teeth.  It  would  seem  safe  to 
postulate  that  all  primitive  birds  were  palaeognathous.  This  type  of  palate  can  therefore  no 
longer  be  considered  a  synapomorphy  of  the  various  types  of  ratites  and  of  the  tinamous, 
as  was  done  in  the  recent  literature. 

Let  US  attempt  to  summarize  the  contributions  of  paleornithology  to  avian  classification. 
Fossil  birds  have  taught  us  a  great  deal  about  relationships  within  the  avian  Orders,  about 
the  relationship  of  families,  and  about  the  rate  of  change  from  the  late  Cretaceous  and  early 
Tertiary  to  the  present.  But  when  it  comes  to  the  discovery  of  true  missing  links  between 
Orders  of  birds,  my  Statement  of  1959  is,  I  believe,  still  true.  No  Intermediates  have  been 
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tound,  up  to  now,  between,  let  us  say  penguins  and  Procellariiformes,  or  between  parrots 
and  pigeons,  or  between  woodpeckers  and  songbirds,  or  between  any  other  of  the  higher 
taxa  of  birds  that  are  suspected  of  being  related.  I  am  saying  this  in  full  awareness  of  the 
Claims  made  for  Presbyornis. 

This  is  particularly  disappointing  considering  the  rapidity  with  which  the  fossil  record  is 
expandmg.  Yet,  no  matter  how  far  back  one  goes,  the  fossil  pelicans  still  are  pelicans,  and 
the  fossil  penguins  are  still  much  like  modern  penguins.  The  few  cases  where  it  was  claimed 
for  certam  fossils  that  they  represent  such  missmg  links  are  either  controversial  or  have 
since  been  refuted. 

The  greatest  contribution  which  the  fossil  record  has  made  is  to  paleozoogeography.  For 
instance,  when  we  want  to  determine  what  higher  taxa  of  birds  belong  to  the  Southern 
Gondwana  element  and  which  others  to  the  northern  element,  fossils  have  often  made  a 
decisive  contribution,  as  in  the  case  of  the  Cracidae  and  Cathartidae. 

The  continuing  absence  of  mlssing  links  in  spite  of  the  wealth  of  new  discoveries  makes 
me  suspect  that  we  will  find  in  birds  the  same  Situation  as  in  almost  all  groups  of  fossil 
animals:  the  origin  of  a  new  taxon  seems  to  be  such  a  rapid  event  that  the  probability  of  the 
preservation  of  the  Intermediate  Steps  in  the  fossil  record  is  utterly  improbable.  The 
scarcity  of  missing  links  between  major  avian  taxa  therefore,  is  something  not  altogeher 
unexpected. 

Before  concluding  my  remarks  on  morphological  characters,  let  me  emphasize  how  great 
a  contribution  to  avian  classification  I  still  expect  from  morphology.  There  are  numerous 
aspects  of  avian  morphology  that  have  not  yet  been  investigated  at  all,  and  the  analysis  of 
the  characters  that  have  been  used  in  the  past,  could  be  considerably  expanded  in  breadth 
and  depth. 


Non-morphological  characters 

Disappointed  by  the  seeming  failure  of  morphological  characters  and  of  the  fossil 
evidence  to  give  us  definitive  answers  in  our  search  for  the  relationship  of  the  major  taxa  of 
birds,  some  ornithologists  in  recent  years  have  increasingly  turned  to  a  search  for  new 
kinds  of  characters.  The  large  repertory  of  behavioral  characters  seemed  at  first  sight,  to  be 
able  to  provide  a  most  useful  set  of  such  characters.  This  included  vocalizations,  courtship 
displays,  predator  thwarting  activities,  comfort  movements,  activities  connected  with  nest 
building  and  the  raising  of  young  and  many  others.  This  expectation  was  not  altogether 
disappointed  and  after  the  pioneering  efforts  of  Whitman  and  Heinroth  numerous 
ornithologists  employed  behavioral  characters  in  their  endeavors  to  improve  classifica¬ 
tion.  I  have  summarized  much  of  this  endeavor  at  an  earlier  occasion  (Mayr,  1958). 
Eventually,  it  turned  out,  unfortunately,  that  behavioral  characters  are  the  less  useful,  the 
higher  up  we  go  in  the  taxonomic  hierarchy.  They  are  most  useful  at  the  level  of  the  species 
and  the  genus,  less  so  at  the  level  of  the  family,  and  virtually  useless  at  the  ordinal  level, 
precisely  where  we  are  in  the  greatest  need  of  finding  additional  characters.  There  are  a  few 
exceptions,  like  the  behavioral  similarities  between  Galliformes  and  Anseriformes,  but 
otherwise  this  generalization  is  valid.  Behavioral  characters  are  particulary  subject  to 
multiple,  convergent  origins,  as  demonstrated  by  “scratching  over  or  under  the  wing”  or 
the  mode  of  drinking. 
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The  convergence  in  behavioral  characteristics,  correlateti  with  habitat  or  food  niche, 
deserves  far  more  attention  than  it  has  so  far  received.  The  hawking  behavior  of  a  true 
flycatcher,  let  us  say  Muscicapa  striata,  is  extraordinarily  similar  to  that  of  certain  tyrant 
flycatchers,  let  us  say,  the  phoebe  (Sayornis).  The  Australian  flycatchers  (Microeca  group) 
are,  as  Sibley  has  shown,  a  third  convergent  development.  To  give  another  example,  we 
find  in  virtually  every  continent  a  genus  of  birds,  resembling  the  European  wagtail 
(Motacilla),  and  adapted  to  life  on  torrents  or  brooks.  Even  though  these  genera  are  quite 
unrelated  they  all  have  similar  behavior  specializations.  Let  me  mention  one  other  case  of 
behavior  convergence  which  led  me  to  wrong  conclusions.  It  concerns  the  Australian  scrub 
robin,  Drymodes,  which  some  authors  have  placed  with  the  thrushes,  others  with  the 
babblers.  When  I  was  able  to  observe  the  bird  in  Australia  in  1959,  I  discovered  that  it 
seemed  to  agree  with  thrushes  \ike  Hylocichla,  in  its  hopping,  wing  and  tail  movements, 
grasping  of  food,  etc.  Clearly,  I  said,  Drymodes  must  be  a  thrush  and  not  a  babbler.  Now 
Sibley’s  DNA  matching  has  revealed  ihzt  Drymodes  is  neither  a  thrush  nor  a  babbler,  but 
the  derivative  of  an  autochthonous  Australian  song  bird  assemblage.  And  this  poses  the 
interesting  question:  What  is  the  selective  advantage  of  having  movements  like  a  thrush 
if  one  is  a  ground  feeder  like  a  thrush?  Furthermore,  it  once  more  opens  up 
the  whole  problem  of  the  taxonomic  information  content  of  behavioral  adaptations. 
Meise  (1963)  has  shown  very  convincingly  in  how  many  behavioral  characteristics  the 
various  Orders  of  ratites  resemble  each  other,  but  there  is  still  the  remote  possibility  that 
some  of  these  similarities  are  adaptive,  acquired  secondarily  after  the  loss  of  flight  and  after 
the  acquisition  of  a  terrestrial,  running  mode  of  life. 

As  with  all  characters,  one  must  exercise  great  caution  with  behavioral  characters.  Even 
in  the  comparison  of  vocalization,  there  is  always  the  possibility  that  certain  sibling 
species  do  not  differ  noticeably  in  their  songs.  There  is  a  group  of  sibling  species  of  honey 
eaters  in  New  Guinea,  the  Meliphaga  analoga  group,  in  which  several  field  workers  up  to 
now  have  been  unable  to  find  differences  in  vocalization.  Frankly,  I  would  be  greatly 
surprised  if  differences  were  not  eventually  found,  but  it  is  evident  that  they  cannot  be  very 
conspicuous. 

More  dangerous  for  the  taxonomist  is  another  problem.  Owing  to  the  fact  that  good 
sympatric  species  nearly  always  differ  in  their  songs,  the  conclusion  is  sometimes  wrongly 
made  that  geographic  isolates  must  be  raised  to  species  rank  if  they  differ  in  their  songs. 
H  owever,  this  is  not  true.  We  now  know  that  in  many  species  song  varies  geographically 
in  a  rather  drastic  manner.  Since  the  deviating  populations  are  connected,  in  most  cases,  by 
intermediates  we  know  that  they  are  conspecific.  Hence,  it  is  not  admissible  to  treat  an 
allopatric  polulation  as  a  different  species  merely  because  it  has  a  different  song. 

Macromolecules  as  taxonomic  characters 

A  major  new  complex  of  taxonomic  characters  has  been  discovered  in  the  last  25  years, 
the  macromolecules.  Only  the  specialist  can  appreciate  the  extraordinary  complexity  of  the 
proteins,  nucleic  acids  and  other  macromolecules,  as  well  as  the  enormous  amount  of 
information  they  contain.  One  approach  to  the  study  of  proteins,  serological  comparisons, 
is  actually  more  than  75  years  old,  but,  as  applied  to  avian  taxonomy,  it  was  very 
inaccurate  and  produced  no  useful  results.  The  first  ornithologist  who  applied  the  methods 
of  macromolecular  analysis  consistently  for  systematic  purposes  was  Charles  Sibley. 
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With  great  determination  he  employed  one  method  alter  the  other  and  even  though,  as  he 
would  be  the  first  to  admit,  some  of  his  earlier  methods  were  not  reliable,  he  discovered 
the  misclassification  of  a  number  of  avian  genera,  as  for  instance  Zeledonia.  I  shall  not 
attempt  to  point  out  the  strengths  and  weaknesses  of  the  vanous  methods  beyond  saying 
that  the  method  of  electrophoresis  is  more  useful  for  the  comparison  of  populations  and 
closely  related  species  than  for  the  purposes  of  macrotaxonomy.  The  method  of  amino 
acid  sequencing  has  produced  some  extremely  interestmg  results  but  is  very  costly  m  terms 
of  time  and  equipment  and  cannot  be  done  routinely. 

For  a  number  of  reasons  various  methods  of  DNA  analysis  are  actually  to  be  preferred, 
and  Drs.  Sibley  and  Ahlquist  have  shown  at  this  Congress  what  exciting  results  they 
were  able  to  obtain  with  the  relatively  simple  technique  of  DNA  hybridizmg.  Methods  of 
DNA  sequencing  are  now  also  being  developed  in  various  laboratories  and  I  am  told  that 
these  methods  are  less  complicated  and  more  reliable  than  ammo-acid  sequencing.  I  have 
no  doubt  whatsoever  that  we  are  at  the  threshold  of  spectacular  advances.  I  share  Dr. 
Sibley’s  conviction  that  these  molecular  methods,  together  with  the  morphological 
evidence,  will  give  us  in  ciue  time  what  Stresemann  had  considered  as  impossible,  that  is, 
clear-cut  evidence  as  to  the  relationship  of  the  higher  taxa  of  birds. 

Some  of  the  results  produced  by  the  new  methods  were  quite  unexpected.  The  American 
Turkey,  for  instance,  which  looks  so  strikingly  different  from  any  kind  of  gallmaceous 
bird  found  in  the  Old  World  turns  out,  on  the  basis  of  several  independent  tests,  to  go  right 
in  with  the  pheasants,  and  to  be  actually  more  similar  to  Phasianus  than  is  the  chicken. 

Where  the  new  methods  are  particulary  useful  is  in  revealing  cases  of  convergence.  It  had 
of  course  long  been  known  that  the  tyrant  flycatchers  and  American  woodwarblers  are  not 
at  all  related  to  their  Old  World  counterparts,  the  true  flycatchers  (Muscicapidae)  and  the 
true  warblers  (Sylviidae).  What  we  did  not  appreciate  until  this  was  revealed  through  Dr. 
Sibley’s  researches  was  that  the  Australian  flycatchers  (Monarchinae)  and  robins  (Eopsal- 
tria  and  relatives)  as  well  as  the  Australian  warblers  (Acanthizinae  and  Malurinae)  and  the 
shrike-like  whistlers  (Pachycephalinae)  have  nothing  to  do  with  their  north-temperate 
counterparts  but  are  an  autochthonous  adaptive  radiation  in  Australia,  all  these  types  being 
more  closely  related  to  each  other  than  to  their  Eurasian-African  counterparts.  Since  these 
Australian  flycatchers  and  warblers  are  species-rich  groups,  the  new  assignment  has  a 
major  impact  on  the  classification  of  the  song  birds  (Oscines). 

How  to  use  taxonomic  characters?,  or  taxonomic  philosophies 

Prior  to  Darwin,  and  unfortunately  very  often  also  after  Darwin,  classifications  were 
based  simply  on  degrees  of  similarity.  The  most  similar  species  were  grouped  into  genera, 
the  most  similar  genera  into  families,  and  so  forth  up  the  taxonomic  hierarchy.  However, 
as  soon  as  Darwin’s  theory  of  evolution  by  common  descent  was  accepted,  it  became  clear 
that  taxa  had  to  consist  of  descendants  from  a  common  ancestor,  they  had  to  express 
relationship.  But  how  to  accomplish  this  has  been  the  source  of  much  controversy, 
particularly  in  recent  decades.  Darwin  stated  quite  specifically  how  a  classification  should 
be  constructed.  It  should  be  based  on  two  considerations:  Each  taxon  should  be 
monophyletic,  that  is  it  should  include  only  descendants  of  a  common  ancestor,  but  the 
ranking  of  these  taxa  should  be  based  on  the  degreee  of  their  evolutionary  divergence.  For 
instance,  even  though  bird  and  dinosaurs  have  a  nearer  common  ancestor  than  dinosaurs 
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and  turtles,  nevertheless  the  evolutionary  divergence  of  birds  is  so  great  that  they  deserve  to 
be  ranked  as  a  dass,  eorresponding  to  all  reptiles.  Dakwin’s  recommendations  have 
formed  the  traditional  basis  of  biological  dassification  ever  since  1859.  However,  the 
evaluation  of  degree  of  evolutionary  divergence  is  unavoidably  bascd  on  an  exercise  of 
judgment  and  was  therefore  attaeked  in  reeent  decades  as  arbitrary  and  subjective.  Two 
new  taxonomie  phdosphies  were  proposed  instead,  both  with  the  daim  that  they  were 
objective  and  would  lead  to  the  adoption  of  a  universally  accepted  dassification. 

One  of  the  two  recently  proposed  taxonomie  philosophies  is  phenetics,  primarily 
promoted  by  Sokal,  a  non-taxonomist  by  background.  It  aims  to  avoid  any  subjectiveness 
of  dassification  by  basing  taxa  on  large  numbers  of  characters,  all  of  them  given  equal 
weight.  The  experience  of  the  last  25  years  has  shown  that  this  method  is  reasonably 
SLiccessful  when  applied  to  previously  chaotic  groups  or  to  genera  with  very  large  numbers 
of  species  but  that  it  has  been  unable  to  make  any  contributions  to  the  dassification  of 
mammals,  birds,  or  any  other  group  with  a  reasonably  mature  dassification. 

The  other  of  these  schools,  cladistics,  places  its  entire  emphasis  on  genealogy,  the 
Splitting  of  the  phyletic  lines.  Each  such  split,  say  the  cladists,  creates  two  sister  groups 
which  have  to  be  given  the  same  taxonomie  rank.  The  strength  of  the  cladistic  method  is 
that  it  insists  on  a  ngorous  determination  of  the  monophyly  of  every  taxon.  I  agree  with 
the  cladists  that  this  is  the  only  way  by  which  to  achieve  relatively  homogeneous 
taxonomie  groups,  and  that  one  must  have  such  homogeneous  groups  in  order  to  be  able  to 
make  universally  valid  Statements  and  on  which  comparisons  with  other  taxa  can  be  safely 
be  used. 

The  cladistic  method,  however,  has  two  great  weaknesses.  The  first  is  that  it  bases  the 
dehmitation  of  taxa  exclusively  on  synapomorphy,  that  is  on  the  possession  of 
characters  derived  from  a  common  ancestor  and  not  found  in  the  sister  group.  The 
determination  of  synapomorphy,  however,  encounters  three  serious  difficulties,  which  are 
underestimated,  if  not  entirely  ignored,  by  most  cladists.  I  do  not  have  the  time  to  discuss 
these  difficulties  in  detail,  but  let  me  at  least  mention  them. 

(1)  The  difficulty  of  determining  the  relative  primitiven ess  of  a  character,  or  what  in 
German  is  called  die  Leserichtung  of  a  series  of  characters, 

(2)  Convergence,  which  requires  making  the  decision  whether  the  morphological 
similarities  of  two  groups,  let  us  say  grebes  and  loons,  is  due  to  common  descent  or  due  to 
convergent  adaptation,  and, 

(3)  Mosaic  evolution,  that  is  unequal  rates  of  evolution  of  different  characters. 

Each  of  these  three  difficulties  requires  a  certain  amount  of  subjective  evaluation,  and 
makes  cladistic  analysis  far  less  objective  than  is  generally  claimed. 

Even  more  serious  is  another  weakness  of  cladistics,  which  is  that  the  method  ignores 
entirely  the  second  one  of  Darwin’s  criteria,  the  degree  of  evolutionary  divergence.  It 
would  force  the  cladists,  for  instance,  to  give  to  the  coelurosaurian  dinosaurs  the  same 
categorical  rank  as  to  the  entire  dass  of  birds.  Inevitably  a  strict  application  of  the  cladistic 
method  leads  to  rather  unbalanced  classifications. 

One  reason  why  both  cladistic  and  phenetics  have  proven  unsuccessful  is  that  in  the  last 
analysis  both  methods  base  all  their  conclusions  on  a  single  criterion,  cladistics  on 
branching  points,  and  phenetics  on  a  calculated  measure  of  overall  unweighted  similarity. 
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Evolution  IS  a  highly  complex  process,  and  groups  of  organisms,  the  product  of  evolution, 
can  be  correctly  delimited  and  ranked  only  if  all  processes  of  evolution  are  considered  and 
carefully  evaluated.  In  spite  of  their  weaknesses,  hoth  of  these  two  new  philosophies, 
cladistics  and  phenetics,  have  given  us  new  insights  and  have  been  responsible,  to  a 
considerable  extent  for  the  great  recent  interest  in  classification  and  macrotaxonomy. 

The  most  important  insight  gained  as  a  consequence  of  these  developments  is  that 
characters  do  not  automatically  produce  a  classification. 

The  many  convergent  characters  discovered  by  the  morphologists  were  the  first 
indication  of  this  difficulty.  Let  me  remind  you  only  of  the  hooked  bill  in  hawks,  owls, 
and  shrikes,  or  the  webbed  toes  of  many  water  birds,  or  the  tubulär  tongue  of  nectar 
feeders.  I  am  afraid  we  may  have  to  transfer  the  lesson  we  have  learned  from  morpholo- 
gical  characters  also  to  the  molecular  characters,  or  at  least  to  some  of  them. 

The  fact  that  Man  und  chimpanzee  have  many  identical  macromolecules  does  not 
necessitate  placing  both  in  the  same  genus.  Here  we  have  also  an  excellent  Illustration  of 
mosaic  evolution,  because  other  components  of  the  genotype  of  these  primates  have 
drastically  diverged  since  the  two  lineages  separated  in  the  Miocene. 

Let  me  reenforce  this  consideration  by  a  case  taken  from  ornithology.  Jolles  & 
Wilson  (1976)  showed  through  a  sequence  analysis  of  the  amino  acids  of  avian  lysozymes 
that  the  Cradidae  differ  from  the  Old  World  gallinaceous  birds  (pheasants,  etc.)  by 
numerous  amino  acids,  so  that  one  must  conclude  that  they  separated  a  long  time  ago. 
When  these  authors  studied  the  lysozymes  of  the  waterfowl  Jolles  and  Wilson  found, 
that  the  Anseriformes  share  more  amino  acids  with  the  Old  World  gallinaceous  birds,  than 
the  latter  with  the  Cracidae. 

The  almost  inevitable  conclusion  one  must  derive  from  this  Situation  is  that  the 
Anseriformes  branched  off  from  the  Old  World  gallinaceous  birds  either  later  but 
certainly  not  earlier  than  the  Cracidae.  Two  independent  immunological  methods  have 
confirmed  the  dose  relationship  of  waterfowl  and  gallinaceous  birds.  On  the  other  hand 
according  to  Sibley’s  DNA  findings  the  Anseriformes  are  not  particularly  closely  related 
to  the  gallinaceous  birds,  and  according  to  classical  morphology  Cracidae  and  Old  World 
gallinaceous  birds  are  far  more  closely  related  to  each  other  than  either  is  to  the 
Anseriformes. 

What  should  the  avian  taxonomist  do  in  the  face  of  these  conflicting  interpretations? 
Should  he  make  a  separate  order  for  the  Cracidae  and  combine  pheasants  and  Anseriformes 
in  a  single  order,  as  cladistic  theory  might  demand? 

I  hope  not!  A  proper  Darwinian  emphasis  on  the  importance  of  evolutionary  divergence 
will  still  permit  us  to  maintain  the  Anseriformes  as  a  separate  order,  and  to  keep  the 
Galliformes  as  a  single  order.  The  only  change  we  have  to  make  in  our  avian  classification, 
if  the  JoLLES-WiLSON  interpretation  is  correct,  is  to  place  the  Anseriformes  next  to  the 
Galliformes,  and  preferably  after  them,  since  they  seem  to  be  derived  from  them. 

Ever  since  a  Science  of  taxonomy  has  existed,  ornithologists  have  been  searching  for  the 
ideal  classification.  When  the  morphological  and  behavioral  characters  failed,  it  was  hoped 
that  Chemical  or  molecular  criteria  would  bring  salvation.  Indeed,  serology,  immunology, 
egg  white  proteins,  and  blood  proteins,  they  all  yielded  some  Information,  but  none  of 
them  provided  the  hoped  for  panacea. 
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Will  the  nucleic  acitis  be  able  to  be  successful  where  all  other  molecules  havc  failed? 
They  certainly  give  cause  for  hope,  because  they  reflect  the  total  genotype  far  more 
completely  than  any  of  the  other  molecules  used  in  chemical  taxonomy.  Yet,  caution  is  still 
advisable,  since  we  have  been  disappointed  too  often  in  the  past.  And  there  is  a  special 
reason  why  we  should  be  cautious.  The  researches  of  recent  years  have  revealed  that  the 
DNA  of  a  species  is  a  highly  heterogeneous  composite. 

Even  the  unique  DNA  seems  to  consist  of  many  different  types;  enzyme  genes, 
regulatory  genes,  immune  genes,  and  possibly  other  as  yet  unknown  kmds.  The 
indications  are  (A.  C.  Wilson)  that  enzyme  genes  and  genes  controlling  morphological 
changes  have  different  evolutionary  rates,  and  it  is  rather  probable  that  evolutionary  rates 
of  the  different  nucleic  acids  are  different  from  each  other  and  different  in  various  kinds  of 
organisms.  The  more  nucleic  acids  are  subject  to  mosaic  evolution  the  less  useful  they  will 
be  as  indicators  of  relationship.  At  what  distance  of  relationship  DNA  matchmg  will  lose 
its  value  is  still  quite  uncertain.  In  spite  of  this  appeal  to  caution,  I  share  the  optimism  of 
those  who,  like  Sibley,  think  that  DNA  analysis,  together  with  some  of  the  methods  of 
protein  analysis  and  the  m.ore  traditional  methods  of  morphology,  will  eventually  provide 
a  great  deal  of  decisive  Information  on  the  relationship  of  the  higher  taxa  of  birds. 

Let  US  tentatively  assume,  that  newly  discovered  characters  will  eventually  give  us  all  the 
Information  needed  to  determine  the  nearest  relatives  of  each  higher  taxon  of  birds.  But 
thus  will  not  be  the  end  of  our  quest,  for  determining  the  relationship  of  individual  taxa  is 
only  the  first  Step  in  making  a  Classification.  One  also  has  to  determine  in  what  sequence 
one  wants  to  list  these  taxa,  since  they  are  arranged  in  a  linear  sequence  in  faunas,  books, 
and  museum  collections.  And  to  arrive  at  the  best  possible  linear  sequence  is  difficult  at 
best. 

In  the  days  when  one  still  believed  that  evolution  was  a  progression  from  lower  to 
higher,  one  thought  that  the  method  of  Classification  was  quite  simple.  One  started  the 
linear  sequence  with  the  most  primitive  taxon,  and  nioved  up  to  the  highest,  to  the  most 
advanced  one.  But  the  facts  to  not  confirm  this  ideal.  Among  birds  there  was  apparently  a 
very  early  radiation  leading  to  the  development  of  a  multi-branched  phylogenetic  bush, 
with  many,  more  or  less  equivalent,  branches.  The  same  broad  radiation  seems  to  be  true 
for  the  families  of  songbirds  as  confirmed  by  Professor  Sibley’s  researches. 

Each  of  these  branches  may  specialize  in  an  evolutionary  elaboration  of  some  special 
structure  or  organ  System,  be  it  the  wing,  or  the  central  nervous  System,  and  there  are  not 
independent  criteria  that  would  teil  us,  which  ones  of  these  specialized  groups  should  be 
considered  higher,  and  which  other  ones  lower. 

But  this  absence  of  linearity  in  avian  evolution  is  not  the  only  obstacle  m  our  path 
towards  the  perfect  classification.  We  also  have  to  find  a  solution  for  the  problem  of  highly 
unequal  rates  of  divergence,  (a)  of  different  structures  and  organ  Systems  (mosaic 
evolution),  and  (b)  of  the  different  branches  of  the  tree.  The  case  of  the  relationship  of 
gallinaceous  birds  and  Anseriformes  illustrates  the  kind  of  difficulties  I  have  in  mind,  and 
so  does  the  relationship  of  man  and  chimpanzee. 

Could  these  difficulties  perhaps  be  overcome  by  making  use  of  the  so-called  “molecular 
clock,”  to  determine  the  relative  age  of  the  various  avian  taxa?  If  rate  of  evolutionary 
change  at  the  molecular  level  were  uniform,  one  could  -  and  this  has  actually  been 
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proposed  by  A.  C.  Wilson  -  list  all  taxa  according  to  the  degree  of  molecular  difference 
from  a  common  ancestor.  With  the  crocodiles  bemg  the  nearest  living  relatives  of  the 
extinct  proavis,  one  could  use  them  as  evolutionary  base  line  and  list  all  avian  taxa 
according  to  their  degree  of  difference  from  the  crocodiles.  However,  it  is  doubtful  that 
this  mgenious  solution  would  work,  since  there  are  more  advanced  and  less  advanced 
genera  and  families  on  each  of  the  branches  of  the  avian  bush. 

For  all  these  reasons,  I  am  afraid,  there  is  no  simple  solution  for  the  problem  of  findmg 
the  perfect  classification  of  birds.  No  instructions  exist  that  would  teil  us  how  to  convert  a 
phylogenetic  bush  mto  a  linear  sequence  of  the  higher  taxa  of  birds.  I  believe  that  the  only 
way  this  problem  can  ever  be  solved  is  by  international  agreement.  And  that  is  the  current 
Status  of  the  problem  of  avian  classification. 
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Biological  Clocks  in  Birds 


Jürgen  Aschoff 
Introduction 

Organisms  are  adapted  not  only  to  the  mean  prevailing  conditions  of  their  environment 
but  also  to  variations  of  conditions  around  these  means.  To  simplify  matters,  one  can  make 
a  distinction  between  two  types  of  variations.  First,  there  are  variations  that  are 
unpredictable  because  they  occur  more  or  less  at  random.  One  evolutionary  strategy  to 
cope  with  variations  has  been  the  development  of  homeostasis  that  renders  organisms 
partly  independent  of  changes  in  environmental  conditions.  Other  environmental  varia¬ 
tions  are  characterized  by  predictability  because  they  occur  periodically.  Most  important 
examples  of  these  are  daily  and  seasonal  periodicities.  To  cope  with  these  temporal 
programs  in  the  environment,  an  obvious  strategy  is  to  incorporate  into  the  genetic 
make-up  of  the  organism  similar  programs,  i.e.  to  equip  the  organism  with  biological 
clocks  which  enable  the  individual  to  adjust  its  activities  in  advance  to  ensuing  changes  in 
environmental  conditions. 

In  this  article  evidence  will  be  presented  supporting  the  idea  that  there  occur  in  birds  two 
kinds  of  such  clocks:  circadian  clocks  adjusted  to  the  rotation  of  the  earth  around  its  axis, 
and  circannual  clocks  adjusted  to  the  rotation  of  the  earth  around  the  sun.  The  discussion 
concentrates  on  a  few  important  features  of  these  two  classes  of  clocks,  with  a  deliberate 
(over-)  emphasis  of  similarities  between  them.  In  speaking  of  clocks,  we  do  not  refer  to 
hourglass  mechanisms  which  might  be  adequate  time-telling  devices  for  some  organisms 
and  for  special  purposes.  Instead  we  will  restrict  ourselves  to  ‘true  clocks’  in  the 
terminology  of  the  physicist,  i.e.  to  periodic  processes  in  the  special  sense  of  selfsustaining 
oscillations. 


Properties  of  circadian  clocks 

Freerunning  circadian  rhythms  and  their  entrainment  by  Zeitgebers 

An  overt  rhythm  is  likely  to  be  based  on  a  selfsustaining  oscillation,  if  a)  the  rhythm 
continues  in  constant  conditions  without  damping,  and  b)  the  frequency  of  the  then 
‘freerunning’  rhythm  deviates  from  that  of  the  corresponding  environmental  periodicity. 
Examples  of  such  freerunning  rhythms  are  provided  in  Fig.  1  which  shows  oxygen 
consumption  in  two  Chaffinches  {Fringilla  coelebs),  first  kept  in  light-dark  cycles  of 
12  :  12  hours  (LD),  thereafter  in  conditions  of  constant  dim  illumination  (LL).  In  both 
records,  the  rhythm  of  oxygen  uptake  continues  in  LL  without  damping,  and  the  period  t 
deviates  from  24  h  by  -fO.8  h  (above)  and  -0.9  h  (below),  respectively.  As  a  consequence, 
there  is  a  steady  drift  of  the  phases  of  the  rhythms,  e.g.  of  the  maximal  values,  against  time 
of  day:  on  consecutive  days,  the  maxima  occur  progressively  later  in  the  upper  record,  and 
progressively  earlier  in  the  lower  record.  The  conclusion  seems  justified  that  both  records 
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represent,  in  LL,  truly  freerunning  ‘circadian’  rhythms  (Aschoff  1960),  reflecting  the 
behaviour  of  selfsustaining  oscillators  (Pittendrigh  1960).  Düring  the  first  6  days  of  the 
experiment,  these  oscillators  are  synchronized  to  the  light-dark  cycles  that  act  as  entraining 
forces  or  Zeitgebers  (Aschoff  1951). 

As  can  further  be  seen  from  Fig.  1 ,  the  wave  forms  of  the  rhythms  are  different  in  the  two 
conditions:  whereas  ‘plateaus’  are  indicated  in  L  as  well  as  in  D  during  en trainment,  the 
curves  become  more  sinusoidal  in  LL.  This  illustrates  the  often  described  two-fold  effects 
of  a  Zeitgeber  which  not  only  entrains  the  circadian  oscillator  (the  ‘clock’)  via  control  of  its 
phase  but  also  influences  the  overt  rhythm  at  a  more  peripheral  level;  as  a  consequence, 
entrained  rhythms  often  differ  in  shape  and  amplitude  from  freerunning  rhythms  (cf. 
rhythms  of  brain  temperature  in  chickens;  Aschoff  &  Saint  Paul,  1972).  The  physiolo- 
gical  mechanisms  of  such  ‘masking  effects’  (Aschoff  1960)  are  still  obscure;  they  are 
mentioned  here  because  of  the  possibility  of  similar  effects  in  the  interaction  between 
circannual  rhythms  and  their  Zeitgebers  (cf.  Fig.  15). 
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Figure  1.  Circadian  rhythms  in  oxygen  uptake  in  two  Chaffinches,  Fnngilla  coelebs,  kept  for  6  days 
in  light-dark  cycles  (LD),  thereafter  in  constant  dim  illumination  (LL).  t:  mean  circadian  period. 


Finally,  Fig.  1  illustrates  the  inter-individual  variability  of  r-values  measured  in  LL, 
and  its  bearing  on  phase-control  during  entrainment.  During  entrainment,  oxygen  uptake 
Starts  to  rise  before  the  transition  from  D  to  L.  The  interval  between  increase  of  oxygen 
uptake  and  light-on,  the  phase-angle  difference  (^|J),  is  larger  in  the  lower  record  than  in 
the  upper  record;  on  the  other  hand,  r  measured  in  LL  is  longer  in  the  upper  than  in  the 
lower  record.  This  apparent  dependence  of  the  phase-relationship  between  the  entrained 
rhythm  and  its  Zeitgeber  on  the  period  of  the  freerunning  rhythm  reflects  a  genereal  rule 
which  is  illustrated  in  diagram  A  of  Fig.  2.  Two  oscillations  are  drawn  that  freerun  in 
constant  conditions  with  a  high  and  a  low  frequency,  respectively.  After  they  have  become 
entrained  by  a  Zeitgeber  of  medium  frequency,  the  fast  oscillation  phase  leads  the  Zeitgeber 

-  its  phase-angle  difference  is  positive  -  and  the  slow  oscillation  phase  lags  the  Zeitgeber 

-  its  phase-angle  difference  <\)  is  negative  (Aschoff  1965). 

The  rule  just  explained  also  applies  when  an  oscillation  of  medium  frequency  becomes 
entrained  by  a  Zeitgeber  of  either  higher  or  lower  frequency.  As  shown  in  diagram  B  of 
Fig.  2,  entrainment  by  the  ‘fast’  Zeitgeber  (with  a  relative  short  period)  results  in  a 
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phase-lag  (negative  4»  )>  and  entrainment  to  the  ‘slow’  results  in  a  phase-lead  (positive  4  )• 
To  study  the  systematic  changes  of  4  as  a  result  of  changes  in  Zeitgeber  period  has  become 
a  useful  tool  in  analyzing  features  of  oscillating  Systems.  Exainples  are  discussed  in  the 
following  section. 
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Figure  2.  Schematic  Illustration  of  principles  of  entrainment. 

A)  Left:  two  oscillations  (dashed  curves)  freerun  in  constant  conditions  with  different  frequencies. 
Right:  when  entrained  to  the  same  Zeitgeber  of  medium  frequency  (solid  curve),  the  fast  oscillation 

phase  leads,  and  the  slow  one  phase  lags  the  Zeitgeber. 

B)  An  oscillation  of  medium  frequency  (left),  when  entrained  phase  lags  a  Zeitgeber  of  higher 
frequency  (middle),  and  phase  leads  one  of  lower  frequency  (right).  4-  phase-angle  difference 

between  entrained  oscillation  and  Zeitgeber. 


Range  of  entrainment  and  change  of  phase-angle  difference 

The  ränge  of  periods  within  which  entrainment  can  be  achieved  is  limited.  Its  width 
depends  of  the  ‘strength’  of  the  Zeitgeber  for  a  particular  organism.  ‘Strength’  as  used  here 
comprises  the  physical  characteristics  of  the  Zeitgeber,  especially  its  ‘amplitude’  (e.g.  the 
difference  in  intensity  of  illumination  between  L  and  D),  as  well  as  the  sensitivity  of  the 
organism  to  the  Stimuli  of  the  Zeitgeber  (Aschoff,  1960).  The  stronger  the  Zeitgeber,  the 
larger  a  ränge  of  entrainment,  and  the  smaller  variations  in  4  ,  can  be  expected.  To 
illustrate  this,  original  records  of  locomotor  activity  of  threee  Canaries  (Serinus  canaria) 
are  reproduced  in  Fig.  3.  For  the  first  ten  days,  the  birds  have  been  kept  in  conditions  of 
constant  dim  illumination,  thereafter  in  LD-cycles  with  50%  L  in  each  cycle  for  days  1 1  to 
31,  followed  by  cycles  with  25%  L.  The  middle  record  shows  entrainment  to  a  Zeitgeber 
period  T  of  24  hours,  the  left  one  to  22  h,  and  the  right  one  to  26  hours.  ln  constant 
conditions  prior  to  entrainment,  all  three  birds  exhibit  freerunning  rhythms  with  periods 
dose  to  or  slightly  shorter  than  24  h.  Düring  entrainment  to  the  Zeitgebers  with  50%  L  and 
50%  D,  the  three  records  differ  with  regard  to  the  phase- relationship  between  rhythm  and 
Zeitgeber.  In  accordance  with  the  rule  illustrated  in  diagram  B  of  Fig.  2,  the  phase-angle 
difference  between  onset  of  activity  and  light-on  (  4  onset)  is  dose  to  zero  in  T  =  22, 
slightly  positive  in  T  =  24  h,  and  more  positive  in  T  =  26  h.  After  the  shortening  of  L  to 
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25%  (without  a  change  in  period),  ihe  differences  in  4^-values  become  larger  due  to  further 
ad  vances  of  onsets  in  the  middle  and  the  right  record.  In  the  left  record,  there  is  no  change 
4^onsei  but  activity  Stretches  into  D  by  several  hours.  The  increase  in  phase-angle 
difference  between  rhythm  and  Zeitgeber  after  the  reduction  of  L  from  50%  to  25%  (in  the 
middle  and  right  record)  indicates  that  a  LD-cycle  with  25%  L  provides  a  less  strong 
Zeitgeber  than  a  cycle  with  50%  L. 


T=22h  T=2ih  T  =  26  h 


rrt  I  I  I  I  1  I  I  MTI  I  I  I  I  I  I  MT-p  rn  l  i  i  i  ii  i  i  M  n  i  li  l  1 1  l  l  n  ri  11  1 1  l  1 1  l  l  l  l  l  M  M  l  I  I  1 1  11 
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Figure  3.  Original  records  of  locomotor  activity  of  three  Canaries,  Serinus  canaria,  kept  for  ten 
days  in  constant  dim  illumination  (LL),  thereafter  in  light-dark  cycles  (LD)  with  50%  L,  followed  by 
cycles  with  25%  L.  T;  period  of  the  LD-zeitgeber.  Shaded  area:  1  lux.  White  area:  200  lux.  Activity 

indicated  by  black  marks  or  bars. 

Apart  from  effects  on  phase,  entrainment  of  an  activity  rhythm  by  Zeitgebers  of  various 
periods  and  of  different  L  :  D-ratios  influences  the  amount  of  activity  and  its  pattem.  This 
is  demonstrated  in  Fig.  4  the  diagrams  of  which  represent  the  mean  pattem  of  activity  of  9 
Canaries  averaged  over  10  cycles  for  each  individual.  For  both  types  of  Zeitgebers,  middle 
of  dark-time  is  used  as  a  reference  phase  (=  zero  at  the  abscissa).  Comparison  of  the  three 
rows  of  Fig.  4  indicates  that  the  amount  of  activity  decreases  from  T  =  26  h  to  T  =  22  h. 
Comparison  of  the  two  columns  shows  on  the  other  hand,  that  the  ‘amplitude’  of  the 
activity  rhythm  is  generally  larger  during  entrainment  to  a  Zeitgeber  with  50%  L  as 
compared  to  a  Zeitgeber  with  only  25%.  Entrainment  to  the  latter  type  of  Zeitgeber  further 
illustrates  especially  well  ‘masking  effects’,  i.e.  the  depression  of  activity  in  D  after  its  “too 
early”  onset,  and  its  “re-boosting”  when  the  lights  are  turned  on  (cf.  the  records  in  T  =  26 
h  and  T  =  24  h).  Finally,  the  changes  in  phase-angle  difference  due  to  changes  in  T  are 
indicated  by  connecting  a)  onsets  of  activity  (dashed  lines)  and  b)  midpoints  of  activity- 
time  (bold  closed  circles).  The  difference  in  slope  between  these  lines  -  larger  inclination 
for  L  =  25%  than  for  L  =  50%  reflects  the  difference  in  strength  between  the  two  types  of 
Zeitgebers. 
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Figure  4.  Hourly  values  of  locomotor  activity  of  caged  Canaries,  Serinus  canaria,  kept  in  light-dark 
cycles  (LD)  of  three  different  periods  (right  margin)  with  either  50%  L  (left)  or  25%  L  (right).  Mean 
pattem  from  10  cycles  each.  Onsets  of  activity  connected  by  dashed  lines,  midpoints  of  activity  time 

(Bold  closed  circles)  by  solid  lines. 


The  dependence  of  phase-angle  difference  on  Zeitgeber  period  has  been  tested  in  a 
variety  of  avian  species.  Most  of  the  results  are  summarized  in  Fig.  5  (The  way  in  which  the 
two  diagrams  are  drawn  can  be  understood  if  the  System  of  Coordinates  used  for  Fig.  4  is 
rotated  clockwise  by  90°).  The  abscissa  represents  Zeitgeber  period,  and  the  Ordinate  time 
before  or  after  a  reference  phase  of  the  Zeitgeber.  However,  time  is  now  expressed  in 
degrees,  instead  of  in  hours,  with  each  Zeitgeber  period  corresponding  to  360°.  Hence  the 
Ordinate  represents  the  phase-angle  difference  between  a  phase  of  the  circadian  rhythm 
-  usually  onset  of  activity  or  middle  activity-time  -  and  middle  of  dark-time  of  the 
Zeitgeber  (=  zero  degree).  In  both  diagrams  the  “phase  curves”  which  describe  changes  in 
as  a  function  of  changing  Zeitgeber  period,  obey  the  rule  that  an  increase  in  Zeitgeber 
period  is  correlated  with  an  increase  in  4^  (decrease  of  negative  values  or  even  change  into 
positive  values).  It  is  also  obvious  that,  in  the  left  diagram,  the  curves  encompass  a  smaller 
ränge  of  periods  than  in  the  right  diagram,  and  that  their  slopes  are  steeper.  This  is  because 
data  from  experiments  with  relatively  weak  Zeitgebers  are  summarized  in  the  left  diagram, 
and  data  from  eyperiments  with  relatively  strong  Zeitgebers  in  the  right  diagram  (cf.  the 
figures  for  light  intensities  given  in  parentheses  after  the  species  names).  Hence,  small 
ranges  of  entrainment  are  to  be  seen  in  the  left,  and  larger  ranges  in  the  right  diagram. 
According  to  a  recent  analysis  (Aschoff  &  Pohl,  1978),  circadian  rhythms  change  their 
phase-angle  difference  to  the  Zeitgeber  within  the  complete  ränge  of  entrainment  by  a 
similar  amount  of  degrees,  irrespective  of  the  width  of  the  ränge.  Therefore,  slopes  of 
phase  curves  as  shown  in  Fig.  5  and  widths  of  ranges  of  entrainment  are  inversely  related. 
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Zeitgeber  period  (hours) 


Figure  5.  Phase-angle  difference  between  the  entrained  circadian  rhythm  and  the  entrainmg 
lighi-dark  cycle,  drawn  as  a  function  of  Zeitgeber  period  T.  White  area:  light;  shaded  area:  darkness. 
Intensities  of  illumination  during  L  and  D  given  in  parentheses.  Data  sources:  O,  •,  □  Aschoff  & 
Pohl  (1978);  A,  A  Pohl  (unpubl.);  1  Farner  et  al.  (1977);  2  Eskin  (1971);  3  Morris  (1973). 


It  should  be  noted  that  in  several  of  the  experiments  used  to  draw  the  phase  curves  of 
Fig.  5,  the  full  ranges  of  entrainment  have  probably  not  been  exploited;  the  difference  in 
mean  ränge,  however,  as  well  as  the  difference  in  mean  slope  between  the  two  diagrams  is 
representative  of  a  variety  of  organisms  includmg  plants  and  unicellular  organisms  (cf. 
Aschoff  &  Pohl,  1978).  This  relationship  permits  a  quantitative  estimate  of  the  ränge  of 
entrainment  if  the  slope  of  the  phase  curve  is  known.  Furthermore,  different  slopes  of 
phase  curves  found  in  the  same  organism  when  entrained  to  Zeitgebers  of  different 
properties  indicate  a  difference  in  the  strength  of  the  Zeitgeber  used.  An  example  is 
provided  by  the  two  phase  curves  for  Canaries  in  the  right  diagram  of  Fig.  5:  steeper  slope 
of  the  curve  obtained  with  the  weaker  Zeitgeber  (25%  L)  as  compared  to  the  curve 
obtained  with  the  stronger  Zeitgeber  (50%). 

Multi-oscillator  System 

So  far,  we  have  treated  circadian  rhythms  as  representing  (or  as  being  driven  by)  one 
single  ‘master-clock’.  There  is,  however,  increasing  evidence  that  the  circadian  system 
consists  of  a  multiplicity  of  oscillators  which  are  coupled  to  each  other,  which  change  their 
mutual  phase-relationship  depending  on  conditions,  and  which  may  become  uncoupled 
under  certain  circumstances.  Strong  support  for  the  hypothesis  of  a  multi-oscillator  system 
comes  from  observations  of  ‘internal  desynchronization’  a  state  of  the  system  in  which  two 
overt  rhythms  freerun  with  different  frequencies.  Internal  desynchronization  has  been 
described  in  man  (Aschoff  et  ah,  1967),  in  the  squirrel  vaovikQy  Saimiri  sciureus  (Sulzman 
et  ah,  1977),  and  in  the  ground  beetle  Blaps  gigas  (Köhler  &  Fleissner,  1978).  Less 
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stringent  but  still  suggestive  for  a  multi-oscillator  systeni  are  transitory  States  of  internal 
ciissociation  ainong  various  overt  rhythnis  that  occur  during  reehtrainment  of  circadian 
Systems  after  phase  shifts  of  the  Zeitgeber  (Aschoff,  1978b;  Aschoff  et  ab,  1975).  There 
IS  furthermore  the  phenomenon  of  ‘Splitting’,  i.e.  the  Separation  of  an  overt  rhythm  such  as 
locomotor  activity  into  two  components  which  after  transitory  dissociation  lock  on  to 
each  other  with  an  about  180±  phase-angle  difference  (Hoffmann,  1971).  in  birds, 
Splitting  has  been  observed  in  Starhngs  oecurring  either  spontaneously  or  due  to  injections 
of  testosterone  (Gwinner,  1974). 
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Figure  6.  Oxygen  uptake  and  locomotor  activity  in  chaffinches,  Fringilla  coelebs,  kept  in  light-dark 
cycles  (LD)  or  in  constant  Illumination  (LL).  In  each  of  the  three  diagrams,  five  consecutive  periods 
recorded  in  a  single  bird  are  superimposed  with  reference  to  onset  of  activity  (=  zero  at  the  abscissa; 
indicated  also  by  vertical  arrows).  T:  Zeitgeber  period;  t:  circadian  period. 


Consistent  with  the  concept  of  coupied  oscillators  are  systematic  changes  in  the 
phase-relationship  between  rhythmic  variables  due  to  changes  in  the  circadian  period.  An 
example  of  such  changes  in  the  relationship  between  oxygen  uptake  and  locomotor  activity 
is  given  in  Fig.  6.  In  each  diagram,  5  consecutive  periods  from  the  record  of  a  single 
Chaffinch  are  superimposed.  For  entrained  (left)  and  for  freerunning  rhythms  (middle  and 
right)  onsets  of  activity  are  used  as  reference  phases  (=  hour  zero  at  the  abscissa,  indicated 
also  by  vertical  arrows).  In  LD,  oxygen  uptake  Starts  to  increase  about  1.5  hours  prior  to 
the  onset  of  activity;  that  means  the  phase-angle  difference  'b intern  between  activity  and 
oxygen  uptake  is  -22.5°.  In  LL,  ^^intem  becomes  zero  or  slightly  positive  when  t  is  shorter 
than  24  hours  (middle  column),  and  it  becomes  more  negative  when  t  is  longer  than  24 
hours  (right  column). 
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Similar  results  have  been  obtained  with  Common  Redpolls  Carduelis  flammea  entrained 
to  different  Zeitgeber  periods.  It  would  be  premature  to  draw  strong  conclusions  from 
measurements  made  in  two  avian  species  only.  However,  in  view  of  similar  observations 
made  in  other  organisms,  e.g.  in  mice  (Haus  et  ab,  1967)  and  especially  to  a  large  extent  in 
man  (Wever,  1972,  1973),  it  seems  likely  that  changes  in  'k  intern  as  a  function  of  r  or  T, 
respectively,  are  common  in  circadian  Systems.  The  phenomenon  is  mentioned  m  the 
context  of  this  paper  because  similar  changes  occur  in  circannual  Systems  (cf.  Fig.  14A  and 

B). 

Apart  from  demonstrating  changes  in  4*  intern  >  Fig-  b  is  of  interest  with  regard  to  the 
often  made  assumption  that  oxygen  consumption  and  activity  are  closely  hnked  with  each 
other,  and  that  the  rhythm  of  oxygen  uptake  is  mainly,  if  not  exclusively,  the  result  of  the 
rhythm  of  locomotor  activity.  Such  conclusions  do  not  take  into  account  the  fact  that  the 
rhythm  of  oxygen  uptake  can  phase  lead  the  rhythm  of  activity  by  several  hours  (Fig.  6), 
and  they  are  incompatible  with  the  observation  that  there  is  a  rhythm  of  oxygen  uptake  in 
birds  when  they  are  at  absolute  rest  because  of  being  kept  in  continuous  darkness.  This  has 
been  shown  in  the  Brambling  montifringilla  (Aschoff  &  Pohl,  1970a)  and  in  the 

Blackbird  Turdus  merula  (Biebach,  1974).  In  summary,  these  findings  strongly  contradict 
a  simple  ‘cause-and-effect’  relationship  between  the  two  rhythmic  variables  (cf.  more 
detailed  discussion  in  Aschoff,  1970;  Aschoff  &  Pohl,  1970b). 


Properties  of  circannual  clocks 

Historical  remarks 

At  the  outset  of  this  section,  we  should  give  credit  to  a  few  of  those  who,  at  an  early 
Stage  of  the  game,  stressed  the  significance  of  endogenous  components  in  seasonal 
rhythmicity  and  who  partly  anticipated  the  existence  of  circannual  rhythms.  The  concept 
has  a  long  history,  with  its  roots,  like  that  of  circadian  rhythms,  in  botanical  studies.  (For 
reviews,  cf.  Baker  &  Baker,  1934-36;  Bünning,  1956).  In  mammals  and  birds,  the 
phenomena  of  hibernation  (Berthold,  1837)  and  migration  (Naumann,  1822)  first  gave 
rise  to  speculations  on  internal  factors  governing  these  events.  However,  it  was  not  until 
100  years  later  that  more  explicit  hypotheses  about  endogenous  annual  rhythms  were 
developed. 

It  was  the  pioneer  in  photoperiodic  control  of  avian  reproductive  cycles  and  migration, 
Rowan,  who  himself  advocated  the  idea  of  an  internal  physiological  rhythm  that  is 
modified  by  external  factors  such  as  the  varying  day  lengths  (Rowan,  1926).  Also  to  be 
mentioned  is  Baker  who,  in  summarizing  his  remarkable  7  publications  on  seasons  in  a 
tropical  rain-forest,  made  the  distinction  between  ‘ultimate’  and  ‘proximate  causes’  for  the 
evolution  and  actual  timing  of  seasonal  events  (Baker  1940-1950)  -  the  two  subjects  of 
‘evolutionary’  and  ‘functionaP  biology,  respectively  (Mayr,  1961).  Baker  (1938)  States 
that  “there  is  also  an  internal  rhythm  in  reproduction  which  may  be  so  strong  as  to  cause 
specimens  of  Southern  hemisphere  birds,  imported  into  the  northern  hemisphere,  to 
continue  breeding  at  the  same  time  as  the  others  of  their  species  in  the  south”.  Later 
authors  on  the  subject  generally  failed  to  notice  that  Baker  gave  the  internal  rhythm 
enough  weight  to  list  it,  in  addition  to  light,  temperature  and  rain,  as  one  of  the  ‘proximate 
causes’.  But  he  also  made  it  quite  clear,  with  an  intuitive  conception  of  “free  running” 
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rhythms,  that  other  factors  were  indispensable  to  explain  the  temporal  Organization  of 
seasonal  rhythms:  „Internal  rhythm  can  never  account  wholly  for  the  timing  of  breeding 
seasons,  for  it  would  get  out  of  Step  with  the  sun  in  the  course  of  the  ages,  but  it  is  likely 
that  it  plays  its  part  in  making  many  species  quick  to  respond  to  the  external  factors” 
(Baker,  1938).  More  explicitely,  these  ideas  have  been  developed  by  Baker  already  in  his 
second  report  from  the  New  Hebrides  (Baker  &  Baker,  1934-36),  in  which  he  discusses 
the  analogy  with  a  ‘clock’. 

Although  less  convinced  than  Baker  of  an  internal  rhythm,  Landsborough  Thomson 
(1950)  changed  the  term  ‘proximate  (ultimate)  causes’  into  ‘proximate  factors’,  a  termino- 
logy  that  avoids  the  implication  of  a  direct  cause-and-effect  relationship  and  allows  the 
inclusion  of  Zeitgebers  in  the  dass  of  proximate  factors  (Immelmann,  1972).  At  the  same 
time,  A.  J.  Marshall  (1951)  expressed  his  strong  belief  “that  the  internal  gonad  rhythm  is 
the  most  important  single  factor  in  the  timing  of  breeding  seasons  and  the  migration  that  is 
part  of  them”.  Ten  years  earlier,  Blanchard  (1941)  had  drawn  a  similar  (and  probably 
better  justified)  conclusion  from  her  extensive  studies  of  the  gonadal  cycle  in  White- 
crowned  Sparrows  Zonotrichia  leucophrys:  “It  seems  nearest  to  the  truth,  then,  to  think  of 
the  gonad  cycle  as  the  expression  of  an  inherent  annual  rhythm. . . .  which  may  be  modified 
in  part  by  environmental  conditions  but  is  by  no  means  entirely  dependent  upon  them  for 
its  beginning  or  its  general  subsequent  course”.  (For  a  review  of  the  earlier  hterature 
concerning  this  problem,  cf.  Aschoff,  1955). 

Freerunning  circannual  rhythms 

Truly  circannual  rhythms,  persisting  under  seasonally  constant  conditions  with  periods 
different  from  12  months,  have  first  been  described  by  Pengelley  &  Fischer  (1963)  for 
Golden-mantled  Ground  Squirrels  Citellus  lateralis.  For  birds,  circannual  rhythms 


Time  (years) 

Figure  7.  Rhythms  of  testicular  width  (curves)  and  moult  (bars)  in  four  selected  European  Starlings, 
Sturnus  vulgaris,  kept  for  3.5  years  under  constant  photoperiodic  conditions  (upper  three  rows:  LD 
11  :  11;  fourth  row:  LD  12  :  12).  (From  Gwinner,  1977a). 
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Figure  8.  Rhythms  of  summer  moult  (black  bars)  and  winter  moult  (white  bars)  in  a  Garden 
Warbler,  Sylvia  bonn,  (left)  and  in  a  Blackcap,  Sylvia  atricapilla,  (right)  kept  for  8  years  under 
constant  photoperiodic  conditions  (LD  10  :  14).  (From  Berthold,  1978). 


freerunning  over  more  than  two  cycles  were  demonstrated  in  Willow  Warblers  PhyLosco 
pHstrochilus  by  Gwinner  (1967,  1968),  in  Garden  Warblers  Sylvia  borin  and  Blackcaps 
Sylvia  atricapilla  by  Berthold  et  al.  (1971,  1972  a,  b),  and  in  European  Sturnus 

vulgaris  by  Schwab  (1971).  These  birds  had  been  kept  in  LD-cycles  with  T  =  24  h  but 
with  various  photoperiods  (LD  12  :  12,  10  :  14,  14  :  10  and  16  :  8  respectively).  The  data 
shown  in  Fig.  7  are  from  an  experiment  in  which  European  Starlings  were  kept  in  constant 
conditions  of  temperature  and  photoperiod  for  3.5  years  (Gwinner,  1977  a).  The 
undamped  oscillations  in  testicular  width  and  the  intervals  between  successive  moults 
deviate  from  12  months.  The  deviation  of  the  circannual  period  is  more  conspicuous  in 
Fig.  8  which  presents  data  on  moult  from  two  warblers  kept  in  LD  10  :  14  for  8  years 
(Berthold  1978).  In  consecutive  years,  summer  moult  (black  bars)  and  winter  moult 
(white  bars)  occur  progressively  earlier;  the  resulting  freerunning  rhythms,  indicated  by 
dashed  lines,  have  mean  periods  of  about  ten  months. 

In  the  meantime,  circannual  rhythms  freerunning  in  LD  for  at  least  two  cycles  have  been 
demonstrated  in  at  least  10  species  of  birds;  results  from  some  10  others  are  suggestive 
(Gwinner,  1975;  Berthold,  1979).  Most  of  these  experiments  have  been  carried  out  in 
conditions  of  constant  light-dark  cycles.  However,  circannual  rhythms  have  also  been 
demonstrated  under  conditions  of  continuous  light  or  darkness  (cf.  the  review  in 
Gwinner,  1979).  The  longest  records,  showing  regularily  recurring  cycles  of  testicular 
growth  and  regression  are  those  obtained  from  Pekin  ducks  kept  in  DD  for  70  months 
(Benoit  et  ab,  1956,  1970). 

It  has  been  argued  that  animals  that  are  kept  under  conditions  of  constant  photoperiod, 
e.g.  in  LD  12  :  12,  are  not  exposed  to  truly  ‘constant’  conditions,  and  hence  that  those 
experiments  are  not  apt  to  solve  “the  problem  of  separating,  experimentally,  any 
endogenous  contribution  to  the  timing  of  cycles  from  strong,  and  perhaps  overriding 
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physiological  reactions  to  the  photoperiod  itself”  (Sansum  &  King,  1976).  ln  the  opinion 
of  these  authors,  experiments  are  to  be  made  in  LL  or  DI)  to  really  prove  an  ‘endogenous’ 
annual  rhythm  (King  1968,  Hamner,  1971).  ln  discussing  these  criticisms  one  has  to 
distinguish  among  several  hypotheses  that  are  not  always  clearly  separater!  m  the 
publications  of  those  arguing  against  the  endogenous  nature  of  ‘circannual’  rhythins. 

(1)  The  LD-cycle  might  represent  a  periodic  input  (a  24-h  input)  into  the  System 
generating  (via  frequency  transformation)  an  output  with  a  period  of  about  365  days. 
Sensu  stricto,  such  a  model  of  a  1  :  365  ratio  in  frequencies  implies  that  the  circannual  t  is 
positively  correlated  with  (and  proportional  to)  the  period  T  of  the  LD-cycle.  Unpubhsh- 
ed  data  from  Gwinner  disagree  with  this  prediction  from  the  model  m  so  far  as  European 
Starlings,  kept  in  LD-cycles  with  T  =  22  h  (LD  11  :  11)  tended  to  have  circannual  rhythms 
with  T-values  similar  to  or  even  slightly  longer  (instead  of  shorter)  than  those  of 
conspecifics  kept  in  T  =  24  h  (LD  12  :  12)  Apart  from  this  direct  experimental  evidence 
against  it,  several  phenomena  are  extremely  difficult  to  reconcile  with  this  model.  For 
instance,  it  is  hard  to  see  how  this  model  copes  with  the  facts  that  individual  birds  exposed 
to  the  same  LD  conditions  can  produce  quite  different  circannual  r-values,  and  that 
during  exposure  to  a  constant  photoperiod,  e.g.  LD  10  :  14,  the  period  of  the  freerunning 
circannual  rhythm  may  be  longer  than  12  months  at  the  beginning  and  shorter  than  12 
months  later  on  (cf.  Fig.  8,  left  diagram).  Still  stronger  arguments  against  this  hypothesis 
come  from  experiments  demonstrating  the  entrainability  of  circannual  rhythms  by 
photoperiodic  cycles  differing  from  12  months  (cf.  the  following  section). 

(2)  Instead  of  being  a  causal  Stimulus  generating  circannual  rhythms,  the  24-h  light-dark 
cycle  might  represent  a  Zeitgeber  that  entrains  an  annual  rhythm  by  frequency-demulti- 
plication  -  similar  to  the  entrainment  of  a  circadian  rhythm  by  a  high  frequency  LD-cycle, 
e.g.  LD  2  :  2  (Bruce,  1960).  This  model  presupposes  the  existence  of  an  endogenous 
rhythm  that  can  be  entrained,  and  hence  cannot  be  used  as  an  argument  against 
self-sustaining  circannual  rhythms. 

(3)  Besides  hypothesis  (1)  and  (2),  circannual  rhythmicity  might  be  based  on  a 
mechanism  that  counts  about  365  revolutions  of  the  circadian  clock.  Again,  this  model  is 
not  an  alternative  to  the  ‘endogenous’  circannual  concept  but  rather  proposes  a  specific 
process  generating  circannual  rhythms.  It  predicts  a  positive  correlation  between  the 
circadian  and  the  circannual  t.  To  test  the  hypothesis,  and  to  separate  it  from  the 
generating  process  discussed  above  as  hypothesis  1  (counting  external  days),  organisms 
must  be  kept  in  LL  or  in  DD.  Such  experiments  have  been  performed  by  Gwinner  (1973) 
with  European  Starlings,  kept  for  15  months  in  LL  with  an  intensity  of  illumination  of  0.7 
lux.  In  the  9  birds  tested,  the  circadian  periods  varied  from  22.5  to  24.2  hours,  and  the 
circannual  periods  form  10.6  to  13.8  months.  There  was  a  weak  positive  correlation 
between  the  two  sets  of  data  (significant  at  the  5%  level),  but  the  regression  line  was  2.4 
times  steeper  than  the  (model  predicted)  1  :  1  ratio  between  circadian  and  circannual 
periods.  Gwinner  (1973)  concludes  from  these  results  that  “circadian  and  circannual 
rhythms  are  apparently  not  entirely  independent  of  each  other.  Whether  the  positive 
correlation  between  the  periods  of  the  two  rhythms  reflects  a  causal  relationship  between 
the  two  periodicities  or  rather  a  common  dependence  of  both  rhythms  on  other  factors 
remains  to  be  seen”.  The  results  from  experiments  with  entrainment  of  the  circadian 
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System  to  different  T-values,  mentioned  under  (1),  clearly  contradict  the  hypothesis  that 
circannual  rhythms  are  the  product  of  ‘countmg’  365  circadian  revolutions. 

(4)  The  LD-cycie  has  been  considered  a  constant  Stimulus  to  which  the  biological 
System  responds  alternatively  in  two  opposite  ways.  According  to  this  concept,  a 
photo-regime  of  LD  12  :  12  (a  photoperiod  dose  to  the  photoperiodic  response-threshold 
of  many  species)  “appears  to  be  short  enough  to  allow  the  ‘breaking’  or  dissipation  of 
refractoriness,  yet  it  is  long  enough  to  provide  photostimulation  once  the  birds  become 
photosensitive”  (Sansum  &  King,  1976).  Whereas  this  model,  once  again,  proposes  a 
theoretically  feasible  mechanism  underlymg  circannual  rhythms,  it  cannot  be  regarded  an 
alternative  of  circannual  rhythms.  Such  an  Interpretation  would  neglect  the  fact  that  the 
necessary  alternations  in  responsiveness  to  one  and  the  same,  all  year  round  unchanged 
Stimulus  occur  spontaneously  (i.e.  without  a  change  m  environmental  conditions)  within 
the  organism.  Regular  switches  between  two  States  during  which  the  System  responds 
differently  to  a  constant  Stimulus,  represent  an  ‘oscillation’  that  is  ‘endogenous’  by 
definition  because  it  is  not  triggered  by  periodic  changes  m  the  environment.  In  fact,  a 
changing  responsiveness  to  a  constant  environmental  Stimulus  is  a  characteristic  of  all  circa 
rhythms  (Aschoff,  1960).  To  conclude  from  the  changing  interaction  between  Stimulus 
and  System  that  the  rhythm  is  driven  ‘exogenously’,  is  a  reasoning  similar  to  the  concept  of 
‘autophasing’  (in  its  first  version)  as  it  was  developed  by  Brown  (1959,  p.  1542)  for  the 
circadian  System  to  explain  the  freerunning  circadian  rhythm  in  LL  as  a  repetition  of 
‘responses’  to  the  light  Stimulus  (cf.  the  discussion  in  Aschoff,  1963).  While  rejecting 
hypotheses  1  to  4,  as  well  as  the  demand  for  experiments  in  LL  or  DD,  we  fully  agree  that 
the  permissive  conditions,  including  photoperiods,  under  which  circannual  rhythms  can 
be  observed,  need  exploitation.  As  for  circadian  rhythms,  we  have  to  expect  circannual 
rhythms  to  operate  within  certain  limits  of  conditions  only.  It  is  puzzling  but  not  too 
surprising  that  some  species  seem  to  exhibit  circannual  rhythms  in  LD  12  :  12  but  not  in 
longer  and  shorter  photoperiods  (Schwab,  1971)  while  others  show  circannual  rhythms 
either  in  long  or  in  short  days  but  not  under  LD  12  :  12  conditions  (Goss,  1969a).  To  find 
out  when  and  how  the  System  oscillates,  and  under  what  conditions  the  System  fails  to 
oscillate,  will  be  one  of  the  tools  to  disentangle  the  physiological  mechanisms  underlying 
annual  periodicity  and  its  control  by  photoperiod,  including  concepts  such  as  external 
versus  internal  coincidence  (Pittendrigh,  1972,  1974).  Under  this  point  of  view,  the 
search  for  inductive  external  factors  (as  in  most  photoperiodic  studies)  is  turned  into  a 
search  for  ‘inhibitors’  (Marshall,  1960)  that  depress  and  hence  delay  the  spontaneous 
course  of  the  internal  rhythm. 


Entrainment  by  Zeitgebers 

If  freerunning  circannual  rhythms  represent,  in  analogy  to  circadian  rhythms,  self- 
sustaining  oscillations,  it  is  to  be  expected  that  entrainment  of  these  rhythms  by  Zeitgebers 
follows  the  rules  outlined  in  the  first  section  (cf.  especially  Fig.  2).  In  view  of  the  drastic 
effects  of  photoperiod  on  seasonal  phenomena  (Farner  &  Lewis,  1971;  Farner  & 
Follett,  1979),  a  periodically  varying  photoperiod  is  the  obvious  candidate  for  a 
Zeitgeber.  In  the  following  discussion  we  mainly  concentrate  on  a  set  of  data  obtained  by 
Gwinner  (1977  b,  c,  and  unpublished)  from  European  Starlings.  Five  groups  of  8  to  12 
birds  each  were  exposed  to  artificial  LD-cycles  with  sinusoidal  changes  in  photoperiod 
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(longest  day:  15  h  L,  shortest  day:  9  h  L;  no  twilights).  Amplitude  and  general  shape  of 
these  photoperiodic  cycles  were  the  same  for  all  groups,  but  their  duration  varied  from  1 
cycle  per  year  to  4  cycles  per  year,  representing  Zeitgeber  periods  of  12,  8,  6,  4  and  3 
months  respectively.  In  each  bird,  testicular  width  was  established  at  2-  to  4-week  intervals 
by  laparotomy,  and  body  weight  was  measured  at  the  same  times  to  the  nearest  0.1g;  onset 
and  end  of  moult  were  determined  by  frequent  inspection  with  a  possible  error  of  ±  2 
days.  The  results  on  testicular  cyles  are  summarized  in  Fig.  9.  In  analogy  with  the 
presentation  of  circadian  entrainment  data,  the  Zeitgeber  is  indicated  by  an  alternation  of 
shaded  areas  (photoperiod  below  12  hours)  and  white  areas  (photopenod  above  12  hours). 
Testicular  cycles  are  clearly  expressed  under  all  five  conditions,  and  the  cycles  are  in 
synchrony  with  all  5  Zeitgeber  frequencies. 
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Figure  9.  Rhythms  of  testicular 
width  in  five  groups  of  European 
Starlings,  Sturnus  vulgaris,  kept 
in  light-dark  cycles  with  periodi- 
cally  varying  photoperiods.  Du¬ 
ration  of  the  photoperiodic  cycle 
indicated  at  the  right  margin. 
Each  curve  represents  the  mean 
of  n  animals.  Shaded  area:  Photo¬ 
period  below  12  h,  white  area: 
photoperiod  above  12  h.  (After 
Gwinner  1977b). 


In  Fig.  10,  consecutive  cycles  in  testicular  widths  have  been  superimposed  on  each  other 
for  each  of  the  five  Zeitgeber  periods  (upper  row).  In  addition,  the  figure  shows  the  cycles 
in  body  weight  (lower  row)  and  the  duration  of  moult  (black  bars  in  the  middle  row).  In  all 
diagrams,  the  shortest  day  (=  zero  at  the  abscissa;  vertical  dashed  line)  is  used  as  a 
reference  phase  of  the  Zeitgeber.  Again,  the  shaded  areas  represent  the  ‘winter  half  year’ 
(photoperiod  below  12  h)  and  the  white  areas  the  ‘summer  half  year’  (photoperiod  above 
12  h).  The  following  conclusions  can  be  drawn:  a)  testicular  cycles  and  moult  follow  all 
Zeitgeber  periods,  but  changes  in  body  weight  become  rather  irregulär  in  T  =  3  months;  b) 


126 


PLENARY  LECTURE 


T=  3  m 


Testicutar  width 


T=6m 


-3  0  3  6 


Time  (months ) 


T=12m 


-3  0  3  6 


Figure  10.  Rhythms  of  testicular  width  (above)  and  of  body  weight  (below)  together  with  times  of 
moult  (bars)  in  five  groups  of  European  Starhngs,  Sturnus  vulgaris,  kept  in  hght-dark  cycles  with 
periodically  varying  photoperiods  (Zeitgeber  period  T  =  duration  of  the  photoperiodic  cycle  in 
months).  Curves  represent  mean  values  from  8  to  12  animals  of  each  of  the  5  groups:  consecutive 
periods  are  superimposed  with  reference  to  the  shortest  day  (vertical  dashed  hne).  Shaded  area. 
photoperiod  below  12h;  white  area:  photoperiod  above  12h.  (After  Gwinner  1977b,  and  unpublish- 

ed). 


the  phase-angle  difference  between  cycles  and  Zeitgeber  as  well  as  among  various  cyclic 
variables  change  as  the  Zeitgeber  period  is  shortened.  To  demonstrate  this  latter  effect  more 
clearly,  mean  patterns  of  all  three  variables  are  drawn  in  Fig.  11  as  a  function  of  the 
Zeitgeber  period  expressed  now  in  degrees  instead  of  in  hours.  Zero  degree  at  the  abscissa 
represents  the  shortest  day  (vertical  dashed  line).  As  reference  phases  for  testicular  width 
(closed  circles)  and  body  weight  (open  circles)  w'e  have  computed  ‘centers  of  gravity  , 
using  the  maximal  value  in  each  curve  and  its  two  neighbouring  values.  These  centers  are 
indicated  in  Fig.  11  by  black  arrows  (testicular  width)  and  white  arrows  (body  weight). 
From  the  top  to  the  bottom  of  Fig.  11,  i.e.  from  long  to  short  Zeitgeber  periods,  the  arrows 
as  well  as  the  black  bars  indicating  moult  move  progressively  to  the  right,  i.e.  to  later 
phases  of  the  Zeitgeber.  With  regard  to  the  phase-relationship  between  rhythm  and 
Zeitgeber,  this  means  a  steady  decrease  in  external  phase-angle  differences  from  long  to 
short  Zeitgeber  periods.  In  addition,  the  interval  between  either  arrow  and  black  bar 
increases,  on  the  average,  from  top  to  bottom,  indicating  an  increase  in  internal 
phase-angle  difference  between  moult  and  the  two  other  variables  (cf.  Fig.  14). 

In  Fig.  11,  the  presentation  of  data  in  reference  to  degrees  of  a  full  Zeitgeber  period  is 
useful  in  demonstrating  phase  relationships,  but  it  obscures  the  relations  in  absolute  time, 
especially  the  ‘compression’  of  the  biological  cycles  or  parts  of  them  due  to  the  shortening 
of  the  Zeitgeber  period.  This  is  shown  in  diagram  A  of  Fig.  12  for  moult  and  for  that  part  of 
the  gonadal  cycle  during  which  the  testes  are  wider  than  4  mm  (‘large  testes’)-  When 
entrained  to  a  Zeitgeber  period  of  12  months  testes  are  large  for  nearly  4  months,  and  moult 
lasts  for  3  months,  i.e.  for  32%  and  25%  of  the  full  cycle,  respectively  (cf.  diagram  B  in 
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Figure  11.  Rhythms  of  testicu- 
lar  width  (closed  circles),  body 
weight  (open  circles)  and  moult 
(bars)  in  five  groups  of  European 
Starlings,  Sturnus  vulgaris,  kept 
in  light-dark  cycles  with  periodi- 
cally  varying  photoperiods.  Du- 
ration  of  the  photoperiodic  cycle 
indicated  on  the  right  side  of  each 
diagram.  Mean  pattem  of  several 
cycles  drawn  with  reference  to 
the  phase  of  the  Zeitgeber  (zero 
degree  =  shortest  day).  Shaded 
area:  photoperiod  below  12  h; 
white  area:  photoperiod  above  12 
h.  Arrows:  Centers  of  gravity 
around  the  maxima  of  testicular 
width  (black)  and  body  weight 
(white)  (After  Gwinner  1977b, 
and  unpublished). 


Fig.  12).  With  T  =  3  months,  these  two  time  spans  are  reduced  to  1.5  and  1.7  months, 
respectively.  Despite  this  drastic  ‘compression’,  the  times  of  large  tesies  and  of  moult  now 
encompass  more  than  50%  of  the  full  cycle  (diagram  B).  In  other  words,  the  times 
allocated  for  the  less  ‘active’  States  (i.e.  times  of  small  testes  and  non-moult)  which  occupy 
more  than  8  months  in  T  =  12  months,  are  reduced  to  about  1.5  months  in  T  =  3  months. 
Hence,  the  average  reduction  is  58%  for  the  more  ‘active’  States,  but  82%  for  the  less 
‘active’  States.  Another  interesting  aspect  concerns  the  time  during  which  testes  are  still 
large  while  moult  is  already  in  progress.  This  ‘overlap’  (diagram  C  in  Fig.  12)  amounts  to  1 
month  in  T  =  12  months  and  decreases  to  0.3  month  in  T  =  3  months;  in  percent  of  the  full 
cycle,  the  overlap  remains  nearly  constant  in  all  Zeitgeber  periods  (diagram  D  in  Fig.  12). 

In  summary,  these  data  demonstrate  the  entrainabihty  of  circannual  rhythms  by 
photoperiodic  Zeitgebers  and  further  changes  in  external  phase-angle  difference  that  agree 
with  expectations  made  on  the  basis  of  oscillation  theory,  and  that  correspond  to  the 
Situation  in  circadian  rhythms.  Moreover,  there  seems  to  be  less  ‘compressibility’  for 
‘active’  States  as  compared  to  ‘inactive’  States  of  the  cycles,  and  less  compressibility  for 
moult  than  for  the  time  of  large  testes  (cf.  the  two  lines  in  diagram  A  of  Fig.  12).  Finally, 
cycles  of  moult  and  testicular  width  are  still  clearly  entrained  to  T  =  3  months  while 
entrainment  of  the  body  weight  rhythm  is  questionable.  This  latter  observation  might 
suggest  different  ranges  of  entrainment  for  different  variables,  a  problem  that  is  discussed 
in  more  detail  in  the  following  section. 
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Figure  12.  Circannual 
rhythms  of  testicular  width  and 
moult  in  European  Starlings, 
Sturnus  vulgaris,  entrained  by 
photoperiodic  Zeitgebers.  Dura- 
tion  of  moult  and  of  the  time 
during  which  testes  are  large 
(AjB)?  and  duration  of  the  over¬ 
lap  between  these  two  time  spans 
(C),  drawn  as  function  of  Zeit¬ 
geber  period.  (After  Gwinner 
1977b). 


Ranges  of  entrainment 

As  has  been  shown  earlier,  avian  circadian  rhythms  have  ranges  of  entrainment  that  are 
relatively  small.  Even  with  strong  Zeitgebers,  they  rarely  encompass  more  than  10  h,  i.e. 
about  40%  of  the  ‘natural’  period.  For  circannual  rhythms,  the  ränge  seems  to  be 
surprisingly  large.  Most  certainly,  the  9  months  indicated  by  the  Starling  data  do  not 
represent  the  full  ränge.  For  the  testicular  cycle,  we  have  data  suggesting  entrainment  even 
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to  a  Zeitgeber  period  of  2.4  and  2  months.  These  results  have  not  been  included  here 
because  at  very  short  periods  the  determination  of  phase-angles  becomes  difficult  because 
not  enough  values  can  be  obtamed  within  one  cycle.  In  addition,  as  changes  in  phase 
become  less  distinct,  it  also  becomes  more  difficult  to  separate  masking  effects  from  true 
entramment.  Hence,  there  is  uncertainty  about  the  lower  limit  of  the  ränge  of  entrainment. 
The  same  is  true  for  the  upper  limit,  because  no  experiments  have  been  made  so  far  with 
Zeitgeber  periods  longer  than  12  months.  In  conclusion,  the  full  ränge  of  entrainment  for 
Starlings  may  very  well  extend  over  20  or  even  more  months,  i.e.  to  twice  the  ‘natural’ 
periods.  Is  such  a  ränge  too  large  to  be  considered  compatible  with  the  characteristics  of  a 
self-sustaining  oscillation? 

ln  trying  to  answer  this  question,  we  first  note  that  there  are  circadian  Systems  that  have 
quite  large  ranges  of  entrainment.  A  few  examples  are  provided  in  diagram  B  of  Fig.  13 
which  are  presented  in  the  same  manner  as  the  two  diagrams  in  Fig.  5.  The  phase  curve 
No.  1  is  the  same  as  that  shown  by  open  circles  in  the  left  diagram  of  Fig.  5  (Besser 
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Figure  13.  Phase-angle  differences  between  circannual  (A)  and  circadian  (B)  rhythms,  respectively, 
and  the  entraining  Zeitgeber  (periodically  varying  photoperiod  for  A,  constant  light-dark  cycle  for  B). 
Data  sources:  O  sika  deer  (Goss,  1969b);  0,  A,  ■  European  Starling  (Gwinner,  1977c);  X,  +  Garden 
Warbler  (Berthold,  unpubl.);  1,  Besser  Redpoll;  2,  House  Sparrow;  3,  ground  beetle;  4,  mold  (from 

Aschoff  &  Pohl,  1978). 
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Redpoll),  and  curve  No.  2  the  same  as  curve  No.  2  in  the  right  diagram  of  Fig.  5  (sparrow). 
Phase  curve  No.  3  (ground  beetle)  is  typical  for  several  insect  species,  and  curve  No.  4 
(mold)  typical  for  serveral  plant  species  (cf.  Fig.  2  in  Aschoff  &  Pohl,  1978).  The 
diagram  mdicates,  first,  large  differences  in  the  widths  of  ranges  of  entrainment,  and, 
secondly,  demonstrates  again  the  inverse  relationship  between  the  width  of  the  ränge  of 
entrainment  and  the  slope  of  the  phase  curve.  The  curve  for  the  Flouse  Sparrow  (No.  2) 
represents  a  change  in  phase-angle  difference  of  27®  per  1  h  change  in  period;  the  ränge  is  10 
h.  The  curve  for  the  mold  (No.  4)  represents  a  change  of  9°  per  1  h  change  of  period,  and 
the  ränge  is  30  h.  In  other  words:  with  a  slope  one  third  as  steep  the  ränge  of  entrainment  is 
three  times  as  large. 

On  the  assumption  that  similar  principles  apply  to  the  entrainment  of  circannual 
rhythms  as  to  the  entrainment  of  circadian  rhythms,  it  seems  justified  to  predict  a  ränge  of 
entrainment  for  circannual  rhythms  from  the  slope  of  their  phase  curves.  Such  phase 
curves  are  presented  in  diagram  A  of  Fig.  13.  Curves  connectmg  closed  Symbols  will  be 
considered  first.  They  represent  data  from  experiments  made  with  birds,  and  they  all  have 
more  or  less  the  same  slope  of  about  12°  change  in  phase-angle  difference  per  1  month 
change  in  Zeitgeber  period.  This  corresponds  to  6°  change  per  15°  in  period.  The  circadian 
phase  curve  of  the  House  Sparrow  (No.  2  in  diagram  B)  has  a  slope  of  27°  per  15°  change  in 
Zeitgeber  period,  that  means  the  slope  of  the  circadian  phase  curve  is  4.5  times  steeper  than 
the  slope  of  the  circannual  phase  curve.  From  this  we  predict  that  the  ränge  of  entrainment 
for  the  circannual  rhythm  will  be  4.5  times  larger  than  the  circadian  ränge.  The  circadian 
ränge  is  10  hours,  i.e.  41.5%  of  24  h.  The  circannual  ränge  is  expected  to  be  4.5  times 
larger,  that  is  4.5  x  41.5%  =  187%  of  12  months.  The  prediction  then  is  that  circannual 
rhythms  of  birds  whose  phase  curves  have  a  slope  of  12°  per  1  month  change  in  period, 
may  have  ranges  of  entrainment  not  too  far  from  22.5  months.  If  a  Zeitgeber  period  of  2 
months  represents  the  lower  limit  of  this  ränge,  the  upper  limit  can  be  expected  to  be  dose 
to  24  months. 

The  only  species  in  which  the  full  ränge  of  entrainment  for  circannual  rhythms  has  been 
exploited  is  the  Sika  Deer  Cervus  nippon.  Goss  (1969b)  was  successful  in  synchronizing 
the  rhythm  of  ander  shedding  to  periodically  changing  photoperiods  with  T-values 
varying  from  3  to  24  months.  A  Zeitgeber  period  of  two  months  was  clearly  below  the 
ränge  of  entrainment  because  all  animals  tested  became  entrained  via  frequency  demultipli- 
cation  mal  :  6  ratio.  With  T  =  24  months,  only  2  out  of  the  5  animals  were  entrained  in  a 
1  :  1  ratio,  whereas  the  other  3  went  through  two  cycles  in  24  months  (=2:1  ratio), 
indicating  that  they  were  beyond  their  ränge  of  entrainment.  The  phase  curves  derived 
from  the  data  of  Goss  are  shown  in  Fig.  13  (diagram  A,  open  circles). 

In  discussing  ranges  of  entrainment,  one  must  bear  in  mind  that  the  circannual  System 
may  represent  a  System  of  several  coupled  oscillators  as  does  the  circadian  System.  There  is 
good  evidence,  for  the  circadian  System,  that  ranges  of  entrainment  differ  among  variables, 
indicating  differences  in  the  ‘degree  of  persistence’  among  oscillators  (Aschoff,  1978a).  It 
is  likely  that  such  differences  in  entrainability  apply  to  circannual  rhythms  as  well.  Support 
for  this  hypothesis  comes  from  the  observation  in  Starlings  that  the  rhythm  in  body  weight 
becomes  irregulär  in  T  =  3  months  when  the  testicular  cycle  is  still  clearly  expressed  (cf. 
Fig.  10  and  11).  It  has  been  shown  further  that,  under  some  seasonally  constant 
conditions,  some  variables  may  and  others  may  not  show  freerunning  circannual  rhythms 
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Figure  14.  Internal  phase-angle  differences  between  two  rhythmic  variables  in  circannual  (A  and  B) 
and  in  circadian  Systems  C).  A  and  B:  European  Starlings,  Sturnus  vulgaris  (Gwinner,  1977b,  and 
unpubl.).  C.  O,  •,  A  Chaffinch,  Fnngilla  coelebs  (Pohl,  1971  and  data  from  Fig.  6);  ■  Common 

Redpoll,  Carduelis  f.  flammea  (Pohl,  unpubl.). 


indicating  differences  in  ‘permissive’  conditions  for  various  functions.  Finally,  changes  in 
internal  phase-angle  difference  can  be  quoted  in  support  of  a  multi-oscillator  System.  In 
the  Starling,  such  changes  are  conspicuous,  at  least  between  moult  on  the  one  hand  and  the 
cycles  of  body  weight  and  testicular  width  on  the  other  hand  (cf.  Fig.  1 1).  The  phase-angle 
differences  among  these  variables,  measured  between  ‘centers  of  gravity’  and  middle  of 
moult,  are  given  in  actual  time  (months)  in  diagram  A  of  Fig.  14.  In  T  =  12  months,  the 
cycles  of  testicular  width  and  of  body  weight  phase  lead  moult  by  2.1  and  3  months, 
respectively;  in  T  =  4  months,  the  phase  lead  is  reduced  to  1.7  and  1.9  months, 
respectively.  Expressed  in  degrees  (diagram  B),  the  phase-angle  differences  increase  from 
less  than  90°  in  T  =  12  to  nearly  180°  in  T  =  4.  It  is  of  interes  to  compare  these  relative 
changes  with  the  changes  that  occur  in  circadian  Systems  when  T  or  t  is  changed.  Data 
from  a  few  experiments  are  summarized  in  diagram  C  of  Fig.  14.  The  Coordinates  used  for 
diagram  C  are  both  stretched  in  linear  proportion  to  those  of  diagram  B;  hence,  the  slopes 
of  the  curves  can  be  compared.  For  a  10%  change  in  period,  internal  phase-angle 
differences  change  by  about  30°  among  circadian  rhythms,  but  only  by  about  10%  among 
circannual  rhythms.  This  again  reflects  the  difference  in  ranges  of  entrainment  between 
circadian  and  circannual  Systems.  Together  with  the  systematic  changes  in  ‘overlap’ 
between  moult  and  large  testes  (cf.  Fig.  12),  the  observations  just  mentioned  must  be  taken 
as  a  warning  against  concepts  that  assume  direct  ‘cause-and-effect’  relationship  between 
various  annual  cycles  or  that  are  restricted  to  strongly  bound  ‘sequences  of  events’  (see 
Mrosovsky,  1970). 

At  the  present  time,  no  definite  answers  can  be  given  to  the  questions  of  the  extent  to 
which  various  annual  cycles  are  interdependent  on  each  other,  of  the  number  of  circannual 
oscillators  to  which  they  are  coupled,  and  whether  they  react  differently  to  a  varying 
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photoperiod  or  other  Zeitgebers  (cf.  the  following  section).  Results  obtained  from  Old 
World  warblers  suggest  a  high  degree  of  independence  among  several  events  (e.g.  moult, 
Zugunruhe,  fattening  and  gonadal  size)  which,  when  freerunning  in  constant  conditions, 
have  been  found  to  change  their  internal  phase-relationships  by  many  months  (Gwinner, 
1968;  Berthold  et  ab,  1972  a,  b).  Once  more  it  seems  appropriate  to  refer  to 
Blanchard.  In  her  paper  published  with  Erickson  (1949),  when  discussing  the  ‘sequence 
of  causation’  for  gonadal  cycles,  moult,  fat  deposition  and  migration,  she  States: 
“Therefore  the  obvious  working  hypothesis  is  that  these  changes  have  developed  in  some 
degree  interdependently,  and  that  the  earliest  appearance  of  any  part  of  the  pattem  is  to  be 
taken  as  the  Initiation  of  an  adjusted  and  coherent  whole.  It  must,  however,  always  be 
admitted  that  gonad  changes  might  be  a  separate  element  dependent  on  the  inherent  cycle 
or  on  its  own  set  of  environmental  factors,  while  other  subsequent  elements  might,  at  their 
own  time,  respond  to  different  internal  or  external  Stimuli.” 

Photoperiod:  cause  of  cycles  or  Zeitgeber? 

The  data  discussed  in  the  foregoing  sections  support  the  hypothesis  that  a  periodically 
varying  photoperiod  acts  as  an  entraining  Zeitgeber  on  circannual  rhythms.  This  view  is 
supported  by  the  systematic  changes  in  phase-angle  difference  due  to  changes  in  Zeitgeber 
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Figure  15.  Rhythms  of  testicu- 
lar  width  (solid  curves)  and  moult 
(black  bars)  in  three  groups  of 
European  Starlings,  Sturnus  vul¬ 
garis.  Data  from  six  (A  and  B)  or 
five  selected  individuals  (C),  re- 
spectively,  are  drawn  with  refe- 
rence  to  onset  of  moult  in  the  first 
year  (zero  at  the  abscisse  A). 
Birds  kept  outdoors  in  aviaries  at 
48°  northern  latitude;  B)  Birds 
exposed  indoors  to  a  periodically 
varying  photoperiodic  simulating 
conditions  at  about  40°  latitude; 
C)  Birds  exposed  indoors  to  a 
constant  lightdark  cycle  (LD 
11  :  11).  In  A  and  B,  photope- 
nods  indicated  by  dashed  curves 
(circles  around  L  °  12  h). 
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period  (cf.  Fig.  11  and  13).  Further  evidence  is  provided  in  Fig.  15  in  which  testicular 
cycles  are  compared  from  three  groups  of  European  Starlings:  group  A  kept  outdoors  in 
aviaries  and  hence  exposed  not  only  to  the  natural  photoperiod  (including  twilights; 
dashed  lines)  but  also  to  changing  temperatures  and  other  weather  conditions;  group  B 
kept  indoors  at  a  constant  temperature  of  about  20°  and  exposed  to  a  periodically  varying 
artificial  photoperiod  (dashed  line);  group  C  kept  indoors  at  20°  and  exposed  to  a  constant 
LD  11  :  11.  For  each  group,  testicular  widths  of  six  birds  (A  and  B)  or  five  birds  (C), 
respectively,  are  drawn  (solid  lines)  together  with  the  times  of  moult  (black  bars).  Onset  of 
moult  in  the  first  year  is  used  as  a  reference  phase  for  all  curves  (=  zero  at  the  abscissa). 


Table  1:  Temporal  parameters  of  testicular  cycles  and  their  external  as  well  as  internal  phase 
relationships  in  three  groups  of  European  Starlings,  Sturnus  vulgaris,  kept  outdoors  (A),  indoors 
under  a  periodically  varying  photoperiod  (B),  and  indoors  under  a  constant  light-dark  cycle  LD 

11  :  11  (C) 


Group  A 

Group  B 

Group  C 

I. 

Duration  of  time  (months)  during  which 
the  testes  are  wider  than  6  mm 

2.4 

2.6 

5.5 

smaller  than  3  mm 

8.4 

7.5 

3.0 

II. 

Range  of  oscillation  (mm)  of  the  rhythm 
in  testicular  width  (mean  of  2  cycles) 

7.5 

7.2 

6.3 

III. 

Width  of  testes  (mm)  at  the  onset  of  moult 
(mean  of  2  cycles) 

3.4 

4.0 

6.4 

IV. 

Width  of  testes  (mm)  when  the  photoperiod 
reaches  12  h  in  ‘spring' 

6.0  =■- 

7.9 

V. 

Months  after  (  — )  or  before  (+)  the  shortest 
day  when  testes  surpass  a  width  of  2  mm 

-0.6 

+  1.2 

still  growing  already  regressing 


Most  striking  are  the  differences  in  pattem  between  group  C  and  the  other  groups.  The 
freerunning  rhythms  of  testicular  width  have  long  lasting  ‘plateaus’  of  large  testes  and  only 
a  short  time  span  during  which  the  testes  are  regressed.  Contrary  to  this  picture,  in  both 
groups  of  entrained  Starlings  the  testes  reach  maximal  values  for  a  short  while  only,  but 
remain  at  their  quiescent  state  for  several  months.  In  Table  1,  figures  describing  these 
differences  are  given  in  row  1.  The  ränge  of  oscillation  in  testicular  widths  is  about 
17%larger  in  groups  A  and  B  than  in  group  C  (row  II).  There  are  also  differences  in  size  of 
testes  at  the  onset  of  moult:  in  group  A,  the  testes  are  more  or  less  regressed  when  moult 
Starts,  while  in  group  C  they  still  have  their  maximal  size  at  that  time  (Table  1,  row  III). 
Furthermore,  recrudescence  of  testes  begins  several  months  after  moult  is  finished  in  group 
A  and  B  (not  to  be  seen  in  Fig.  15),  but  already  at  the  end  of  moult  or  somewhat  earlier  in 
group  C. 

In  summary,  the  entrained  rhythms  differ  from  the  freerunning  rhythms  in  ‘amplitude’, 
in  wave  form,  and  in  the  phase-relationship  between  the  rhythms  of  testicular  width  and  of 
moult.  It  is  not  difficult  to  interpret  these  differences  as  a  combination  of  phase  Controlling 
and  of  masking  effects  of  the  Zeitgebers  in  Groups  A  and  B. 
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Differences  between  group  A  and  group  B  concern  especially  the  phase-relationships 
between  the  biological  rhythms  and  the  varying  photoperiod.  According  to  row  IV  of 
Table  1,  the  testes  in  group  A  have  reached  an  average  width  of  6.0  mm  when  the 
increasing  photoperiod  surpasses  12  h  (indicated  in  Fig.  15  by  a  dashed  circle).  At  the  same 
photoperiod,  the  testes  in  group  B  have  already  begun  to  regress  but  are  still  30%  wider 
than  those  in  group  A.  Recrudescence  of  testes  Starts  much  earlier  in  group  B  than  in  group 
A.  In  both  groups,  the  testes  are  below  2  mm  for  several  months;  they  surpass  a  width  of  2 
mm  0.6  months  after  the  shortest  day  in  group  A,  but  1.2  months  before  the  shortest  day 
in  group  B  (Table  1,  row  V). 

The  differences  observed  between  groups  A  and  B  are  well  compatible  with,  if  not 
demanded  by,  the  hypothesis  that  circannual  rhythms  are  entrained  by  Zeitgebers.  Group 
B  is  exposed  to  only  one  Zeitgeber,  the  periodically  varying  photoperiod.  Contrary  to  this, 
for  group  A  the  natural  environment  provides  not  only  a  photoperiodic  Zeitgeber  of  larger 
‘amplitude’  (about  7.5  h  as  compared  to  6  h  for  group  B)  but  most  probably  additional 
Zeitgebers  such  as  cycles  in  ambient  temperature.  From  the  difference  in  strength  of  the 
Zeitgebers,  a  difference  in  the  phase-relationship  between  rhythm  and  Zeitgeber,  corres- 
ponding  to  comparable  findings  in  circadian  rhythms,  can  be  expected.  Since  in  Starlings, 
the  circannual  t  is  shorter  than  12  months  (Schwab  1971;  Gwinner,  unpubh),  the 
weaker  Zeitgeber  results  in  a  more  positive  (less  negative)  phase-angle  difference  for  group 
B  as  compared  to  group  A  (cf.  Table  1,  row  V).  It  might  be  that  these  differences  can  also 
be  accounted  for  by  the  concept  of  an  entirely  external  photoperiodic  control,  but 
probably  not  without  the  introduction  of  several  ad  hoc  assumptions. 

In  summary,  the  demonstration  of  freerunning  rhythms  together  with  the  observation 
that  the  System,  when  exposed  to  periodically  changing  environmental  factors,  shows  all 
the  characteristics  of  entrainment,  seems  to  us  to  be  sufficient  evidence  for  the  existence  of 
circannual  clocks.  Some  of  our  conclusions  are  based  on  similarities  in  behaviour  between 
circannual  and  circadian  clocks.  We  are  aware  of  the  limitations  that  are  implicit  in  such  a 
formalistic  approach,  but  we  are  also  confident  that  the  march  through  the  ‘formal  tunnel’ 
(Menaker  1974)  is  not  fruitless.  As  in  circadian  rhythm  research  the  analysis  of  general 
rhythm  properties  is  of  importance  for  the  understanding  of  many  aspects  of  their  adaptive 
significance.  Moreover,  a  more  detailed  knowledge  of  formal  properties  of  circannual 
rhythms  will  provide  a  basis  for  further  physiological  studies  related  to  the  question 
whether  photoperiod  is  a  proximate  cause  or  a  Zeitgeber.  We  are  convinced  that  evolution 
has  not  only  led  to  the  replacement  of  ultimate  causes  by  external  proximate  ‘causes’  but  in 
many  instances  by  a  combination  of  two  proximate  factors:  an  endogenous  rhythm  and  its 
entraining  Zeitgebers  (Aschoff  1958). 


References 

Aschoff,  J.  (1951):  Naturwissenschaften  38,  506-507. 

Aschoff,  J.  (1955):  Studium  generale  8,  742-776. 

Aschoff,  J.  (1958):  Z.  Tierpsychol.  15,  1-30. 

Aschoff,  J.  (1960):  Cold  Spring  Harbor  Symp.  Quant  Biol.  25,  11-28. 

Aschoff,  J.  (1963):  Ann.  Rev.  Physiol.  25,  581-600. 

Aschoff,  J.  (1965):  p.  263-276  /«  J.  Aschoff  (Ed.).  Circadian  Clocks.  Amsterdam.  North-Holland. 
Aschoff,  J.  (1970):  p.  905-919  In  J.  D.  Hardy  et  al.  (Eds.).  Physiological  and  Behavioral 
Temperature  Regulation.  Springfield,  Illinois.  C.  C.  Thomas. 


Jürgen  Aschoff:  Biological  Clocks  in  Birds 


135 


Aschoff,  J.  (1978a):  p.  172-181  ln  I.  Assenmacher  et  al.  (Eds.)-  tinvironmental  Endocnnology. 
Berlin-Heidelberg-New  York.  Springer-Verlag. 

Aschoff,  J.  (1978b):  p.  185-195  In  I.  Assenmacher  et  al.  (Eds.).  Environmental  Endocrinology. 

Berlin-Eieidelberg-New  York.  Springer-Verlag. 

Aschoff,  J.,  U.  Gerecke  &  R.  Wever  (1967):  Jap.  J.  Physiol.  17,  450-457. 

Aschoff,  J.,  K.  Hoffmann,  et  al.  (1971):  Chronobiologia  2,  23-78. 

Aschoff,  J.,  &  H.  Pohl  (1970a):  J.  Ornithol.  11  1,  38-47. 

Aschoff,  J.,  &  H.  Pohl  (1970b):  Fed.  Proc.  29,  1541-1552. 

Aschoff,  J.,  &  H.  Pohl  (1978):  Naturwissenschaften  65,  80-84. 

Aschoff,  J.,  &  U.v.  Saint  Paul  (1972):  Physiol.  Behav.  10,  529-533. 

Baker,  J.  R.  (1938):  In  G.  R.  de  Beer  (Ed.).  Evolution.  Oxford. 

Baker,  J.  R.  (1940-50):  J.  Einn.  Soc.  London  Zool.  41,  248-258. 

Baker,  J.  R.,  &  I.  Baker  (1934-36):  J.  Einn.  Soc.  Zool.  39,  507-519. 

Benoit,  J.,  I.  Assenmacher  &  E.  Bvard  (1956):  J.  de  Physiol.  48,  388-391. 

Benoit,  J.,  I.  Assenmacher  et.  al.  (1970):  p.  109-125  In  Ef.  P.  Klotz  (Ed.)  Les  hormones  et  le 
comportement.  Paris.  Expansion  Scientifique  Francaise. 

Berthold,  A.  (1837):  Arch.  Anat.  Physiol.  63-68. 

Berthold,  P.  (1978):  Naturwissenschaften  65,  546. 

Berthold,  P.  (1980):  In  Acta  XVII  Congr.  Intern.  Ornithol.  Berlin. 

Berthold,  P.,  E.  Gwinner  &  H.  Klein  (1971):  Experientia  27,  399. 

Berthold,  P.,  E.  Gwinner  &  Ef.  Klein  (1972a):  J.  Orn.  113,  170-190. 

Berthold,  P.,  E.  Gwinner  &  H.  Klein  (1972b):  J.  Orn.  113,  407-417. 

Biebach,  H.  (1974):  Ph.  D.  Thesis  München. 

Blanchard,  B.  D.  (1941):  Univ.  Gal.  Publ.  Zool.  46,  1-178. 

Blanchard,  B.  D.,  &  M.  M.  Erickson  (1949):  Univ.  Gal.  Publ.  Zool.  47,  255-318. 

Boissin,  J.  (1969):  Bull.  Biol.  103,  305-312. 

Brown,  F.  A.  (1959):  Science  130,  1535-1544. 

Bruce,  V.  (1960):  Gold  Spring  Harbor  Symp.  Quant.  Biol.  25,  29-47. 

Bünning,  E.  (1956):  Efandb.  Pflanzenphysiol.  2,  878-907. 

Eskin,  A.  (1971):  p.  55-80  In  M.  Menaker  (Ed.).  Biochronometry.  Washington.  Nat.  Acad.  Scie. 
Farner,  D.  S.,  &  R.  S.  Donham  (1977):  Physiol.  Zool.  50,  247-268. 

Farner,  D.  S.,  &  B.  Follett  (1979):  in  press. 

Farner,  D.  S.,  &  R.  A.  Lewis  (1971):  p.  325-370  In  A.  C.  Giese  (Ed.).  Photophysiology.  New 
York  and  London.  Academic  Press. 

Goss,  R.  J.  (1969a):  J.  Exp.  Zool.  171,  223-234. 

Goss,  R.  J.  (1969b):  J.  Exp.  Zool.  170,  311-324. 

Gwinner,  E.  (1967):  Naturwissenschaften  54,  447. 

Gwinner,  E.  (1968):  J.  Ornithol.  109,  70-95. 

Gwinner,  E.  (1973):  J.  Reprod.  Fert.  19,  51-65. 

Gwinner,  E.  (1974):  Science  185,  72-74. 

Gwinner,  E.  (1975):  p.  221-285  In  D.  S.  Farner  &  J.  R.  King  (Eds.).  Avian  Biology  V.  New  York. 
Academic  Press. 

Gwinner,  E.  (1977a):  Ann.  Rev.  Ecol.  Syst.  8,  381-405. 

Gwinner,  E.  (1977b):  Naturwissenschaften  64,  44. 

Gwinner,  E.  (1977c):  Vogelwarte  29,  16-25. 

Gwinner,  E.  (1979):  In  J.  Aschoff  (Ed.).  Handbook  of  Behavioral  Neurobiology  5.  New  York. 
Plenum  Press. 

Hamner,  W.  M.  (1971):  p.  448-462  ln  M.  Menaker  (Ed.).  Biochronometry.  Washington.  Nat. 
Acad.  Scie. 

Haus,  E.,  D.  Lakatua,  &  F.  Halberg  (1967):  Exper.  Med.  Surg.  25,  7-45. 

Hoffmann,  K.  (1971):  p.  134-150/«  M.  Menaker  (Ed.).  Biochronometry.  Washington.  Nat.  Acad. 
Scie. 

Immelmann,  K.  (1972):  Oecologia  9,  259-264. 

King,  J.  R.  (1968):  Comp.  Biochem.  Physiol.  24,  827-837. 

Köhler,  W.,  &  G.  Fleissner  (1978):  Nature  (in  press). 

Marshall,  A.  J.  (1951):  Wilson  Bull.  63,  238-261. 


136 


PI.ENARY  LECTURE 


Marshall,  A.  J.  (1960):  p.  475-482  In  Proc.  XII  Int.  Ornithol.  Congr.  Helsinki. 

Mayr,  E.  (1961):  Science  134,  1501-1506. 

Menaker,  M.  (1974):  p.  507-520  In  E.  T.  Pengelly  (Ed.).  Circannual  Clocks.  Annual  Biological 
Rhythms.  New  York,  San  Francisco,  London.  Academic  Press. 

Morris,  f.  R.  (1973):  Poultry  Sei.  52,  423-454. 

Mrosovsky,  N.  (1970):  Pennsylvania  Academy  of  Science  44,  172-175. 

Naumann,  J.  A.  (1822):  Naturgeschichte  der  Vögel  Deutschlands.  Bd.  1.  Leipzig. 

Pengelly,  E.  T.,  &  K.  C.  Fisher  (1963):  Can.  J.  Zool.  41,  1103-1120. 

Pittendrigh,  C.  S.  (1960):  Cold  Spring  Harbor  Symp.  Quant.  Biol.  25,  159-184. 

Pittendrigh,  C.  S.  (1972):  Proc.  Nat.  Acad.  Sei.  69,  2734-2737. 

Pittendrigh,  C.  S.  (1974):  p.  437-458  In  F.  O.  Schmidt  &  F.  G.  Warden  (Eds.).  The  Neuroscien- 
ces:  Third  Study  Program.  Cambridge,  Mass.  MIT  Press. 

Pohl,  H.  (1971):  J.  Ornithol.  112,  265-278. 

Rowan,  W.  (1926):  Proc.  Boston  Soc.  Natur.  Hist.  38,  147-189. 

Sansum,  K.  E.,  &  J.  R.  King  (1976):  Physiol.  Zool.  49,  407-416. 

Schwab,  R.  G.  (1971):  p.  428-447/«  M.  Menaker  (Ed.).  Biochronometry.  Washington,  Nat.  Acad. 
Scie. 

Sulzman,  F.  M.,  C.  A.  Füller  &  M.  C.  Moore-Ede  (1977):  Comp.  Biochem.  Physiol.  58,  63-67. 
Thomson,  A.  L.  (1950):  Ibis  92,  173-184. 

Wever,  R.  (1973):  Int.  J.  Chronobiol.  1,  371-390. 

Wever,  R.  (1972):  J.  Interdiscipl.  Cycle  Res.  3,  253-265. 


137 


Avian  Orientation  and  Navigation:  New  Developments  in  an  Old  Mystery 

William  T.  Keeton 

My  purpose  in  wnting  this  paper  is  to  provide  the  reader  with  some  understanding  of 
modern-day  ideas  and  current  research  thrusts  in  the  very  active  field  of  bird  orientation 
and  navigation.  Although  the  focus  will  be  on  research  done  in  the  1970s,  I  shall  review 
very  briefly  older  background  work  on  the  sun  and  star  compasses  before  moving  on  to 
discuss,  first,  some  newly  discovered  (or  newly  re-examined)  cues  thought  to  be  used  by 
orienting  birds,  and,  second,  some  approaches  presently  being  pursued  in  the  attempt  to 
learn  how  the  many  different  cues  are  integrated  by  orienting  birds.  I  hope  that  I  shall 
succeed  in  communicating  the  sense  of  intense  excitement  that  now  prevails  in  this  branch 
of  ornithology. 

The  more  familiär  orientational  cues 

One  of  the  earliest  and  most  stimulating  discoveries  in  the  field  of  avian  orientation  and 
navigation  was  that  celestial  cues  -  the  sun  and  the  stars  -  play  a  fundamental  role  in  bird 
orientation.  Thus,  more  than  twenty-five  years  ago,  Gustav  Kramer  (1952)  and  his 
students  showed  that  birds  possess  what  has  come  to  be  called  a  sun  compass.  And, 
following  up  Kramer’s  (1949,  1951)  early  observations  that  several  species  of  nocturnal 
migrants  exhibit  oriented  migratory  restlessness  (Zugunruhe)  in  circular  cages  under  clear 
night  skies.  Sauer  (1957)  found  that  such  nocturnal  orientation  depended  on  the  stars, 
thus  laying  the  basis  for  what  is  now  known  as  the  star  compass.  Because  the  sun  and  star 
compasses  are  so  important,  both  in  avian  orientation  itself  and  in  the  role  they  have 
played  in  the  development  of  this  field  of  ornithology,  we  should  pause  to  review  quickly 
how  they  are  thought  to  function. 

The  overwhelming  preponderance  of  evidence  indicates  that  solar  cues  are  used  by  birds 
only  as  a  simple  compass,  not  as  the  basis  of  a  bicoordinate  navigation  System  as  proposed 
by  Matthews  (1953,  1955)  in  his  sun-arc  hypothesis  (for  a  summary  of  the  evidence,  see 
Keeton,  1974a).  In  other  words,  it  appears  to  be  only  the  sun’s  azimuth  (direction  from 
the  observer)  that  provides  the  bird  with  orientational  Information.  But  the  azimuth  can 
provide  such  information  only  if  the  time  is  known,  so  that  compensation  can  be  made  for 
the  sun’s  changing  position  throughout  the  day,  from  easterly  in  the  morning  to  south  at 
noon  to  westerly  in  the  afternoon  (in  the  northern  hemisphere).  That  birds  do  indeed 
couple  their  internal  clock  (circadian  rhythm)  with  their  observation  of  the  sun’s  azimuth 
in  determining  compass  directions  was  clearly  demonstrated  by  Kramer  (1953a)  and  by 
Hoffmann  (1954),  working  with  caged  birds.  Later,  Schmidt-Koenig  (1960)  extended 
this  finding  to  free-flying  homing  pigeons.  He  showed  that  pigeons  whose  internal  clocks 
had  been  experimentally  shifted  6  hr  out  of  phase  with  true  sun  time  chose  initial  bearings 
roughly  90°  from  those  of  control  pigeons  when  released  at  a  distant  test  site  (Fig.  1  A); 
their  clocks  had  been  shifted  a  quarter  of  a  day,  and,  as  a  consequence,  they  misread  the 
sun  compass  and  chose  bearings  a  quarter  of  a  circle  different  from  those  of  the  Controls. 

As  in  the  case  of  the  sun,  the  evidence  is  overwhelming  that  the  stars  provide  only 
compass  information  for  birds,  even  though  they  could  potentially  be  used  in  true 
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Figure  1.  Vanishing  bearings  of  pigeons  that  have  been  clock-shifted  6  hr  fast. 

A:  Experienced  pigeons  released  on  a  sunny  day  at  a  distant  site.  The  mean  bearing  of  the  clock  shifted 

birds  is  roughly  90°  to  the  left  of  that  of  the  Controls. 

B:  Experienced  pigeons  released  on  a  sunny  day  at  a  site  less  than  a  mile  from  home,  where  the 
landscape  should  be  completely  familiär.  Again,  the  mean  bearing  of  the  clock-shifted  birds  is  roughly 

90°  to  the  left  of  that  of  the  Controls. 

C:  Experienced  pigeons  released  on  a  totally  overcast  day  at  a  distant  unfamiliar  site.  Both  the 
clock-shifted  and  the  control  birds  are  homeward  oriented,  and  there  is  no  indication  of  a  difference 
between  them,  which  suggests  that,  in  the  absence  of  the  sun  compass,  the  pigeons  use  orientational 

cues  that  do  not  require  time  compensation. 

In  this  and  later  figures  showing  bearings,  north  is  indicated  by  a  small  line  at  the  top  of  the  circle,  and 
the  home  direction  by  a  dashed  line  reaching  the  perimeter  of  the  circle.  The  bearing  of  each  individual 
bird  IS  shown  as  a  small  Symbol  on  the  outside  of  the  circle;  where  two  treatments  are  mcluded  on  a 
single  circle,  the  bearings  of  the  Controls  are  shown  as  open  Symbols  and  the  bearings  of  the 
experimental  birds  as  filled  Symbols.  The  mean  vectors  are  shown  as  arrows  (with  open  or  filled  heads, 
respectively),  whose  length  is  drawn  proportional  to  the  tightness  of  clumping  of  the  bearings  (i.e.  the 
longer  the  vector  -  at  maximum  reaching  the  perimeter  of  the  circle  -  the  better  oriented  the  sample  of 
bearings).  The  uniform  probability  under  the  Rayleigh  test  is  given  inside  the  circle;  the  first  value  is 

for  the  Controls  and  the  second  for  the  experimentals. 


bicoordinate  navigation  (for  a  thorough  discussion,  see  Emlen,  1975a).  Sauer  (1957) 
thought  that  the  star  compass,  like  the  sun  compass,  required  time  compensation.  But  in  a 
detailed  study  of  the  migratory  Orientation  of  the  Indigo  VtummgPassenna  cyanea,  Emlen 
(1967)  found  that  this  species  uses  star  patterns  to  determine  directions,  a  process  that  does 
not  require  time  compensation  (Fig.  2).  It  seems  likely  that  this  is  true  of  other  species  as 
well  (Emlen,  1975a).  Thus  the  way  birds  read  the  star  compass  differs  fundamentally  from 
the  way  they  read  the  sun  compass. 

Although  the  sun  compass  during  the  day  and  the  star  compass  during  the  night  are 
certainly  dominant  orientational  cues  for  birds,  there  is  now  abundant  evidence  that 
neither  is  essential  for  proper  Orientation.  Thus  experienced  homing  pigeons  can  Orient 
accurately  homeward  from  distant  unfamiliar  release  sites  under  heavy  total  overcast  (Fig. 
1  C)  (Keeton,  1969,  1974a).  And  tracking-radar  studies  have  regularly  revealed  nocturnal 
migrants  in  oriented  flight  under  heavy  overcast  when  the  stars  are  not  visible  (e.  g.  Nisbet 
&  Drury,  1967;  Steidinger,  1968;  Williams  et  ah,  1972;  Griffin,  1972,  1973).  It  is 
apparent,  then,  that  though  birds  often  use  celestial  cues  when  they  are  available,  they  can 
use  alternative  cues  when  necessary.  In  short,  avian  Orientation  Systems  include  redundant, 
or  back-up,  cues  (Keeton,  1974a;  Emlen,  1975a). 

It  is  also  important  to  point  out,  as  Kramer  (1953b)  did  long  ago,  that  other 
environmental  cues  must  provide  goal-orienting  birds  with  an  analog  of  map  Information. 
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A  compass  alone  cannot  teil  a  bird  whcre  it  is  nor  which  direction  it  should  fly  lo  reach  its 
destination. 

It  celestial  cues  do  not  suffice  tor  avian  orientation,  what  other  possibilities  should  be 
considered?  Certainly  the  most  obvious  would  be  familiär  landmarks,  but,  curiously 
enough,  birds  seem  to  make  only  minimal  use  of  these.  Radar  studies  strongly  suggest  that 
landmarks  play  little  role  in  migratory  orientation  (Emi,i:n,  1975a;  Emi.fn  &  Dlmonc;, 
1978).  Pigeons  clock-shifted  6  hr  out  of  phase  with  true  sun  time  and  released  half  a  mile 
from  their  home  loft,  in  a  area  they  have  flown  over  every  day  when  exercismg,  usually 
choose  bearings  deflected  90°  from  the  homeward  course  (Fig.  1  B)  (Graul,  1963; 
Keeton,  1974a);  the  birds  act  as  though  they  have  never  before  seen  the  place!  Even  more 
remarkable,  pigeons  wearing  frosted-white  contact  lenses  that  eliminate  Image  vision 
beyond  two  or  three  meters  can  Orient  accurately  homeward  from  distant  locations,  and 
can  even  teil  when  they  have  arrived  at  their  goal  (Schmidt-K(m-:nig  &  Schlichte,  1972; 
Schlichte,  1973). 


Figurk  2.  An  example  of  how  north  can  be  located  by  star 
patterns.  If  one  draws  an  arrow  running  through  two 
particular  stars  in  the  cup  of  the  big  dipper  (Ursa  Major),  it 
will  point  toward  Polaris.  Although  the  position  of  the 
#— •  constellations  changes  during  the  night,  the  same  stars 

^  always  determine  an  arrow  pointing  toward  Polaris  (i.e. 

^  toward  north,  or  the  pole  of  the  celestial  rotations),  hence 

•  directions  can  be  determined  without  need  of  time  compen- 

^  sation.  Many  different  star  patterns  could  be  used  for 

•  direction  finding  in  this  way. 

Another  possibility  that  comes  to  mind  in  this  age  of  rocketry  is  that  the  birds  might 
have  some  sort  of  sophisticated  inertial  guidance  System  (Barlow,  1964).  Although  this 
possibility  cannot  be  completely  ruled  out,  it  seems  very  unlikely  in  view  of  evidence 
against  it  from  many  kinds  of  investigations,  including  turn-table  experiments  (e.g. 
Grieein,  1940),  experiments  with  deep  anesthesia  (e.g.  Walcott  &  Schmidt-Koenic, 
1973),  and  experiments  with  surgical  lesions  of  the  vestibulär  Organs  (e.g.  Wallraff, 
1965). 
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Unusual  sensory  capabilities  of  birds 

Having  eliminated  the  most  obvious  cues,  we  turn  next  to  one  of  the  most  active  areas  of 
recent  orientational  research  -  the  investigation  of  special  sensory  capabilities  of  birds 
(some  of  them  only  very  recently  discovered)  that  my  play  a  role  in  the  bird’s  amazing 
orientational  and  navigational  feats. 

Magnetic  detection 

Although  it  had  often  been  suggested  that  birds  might  be  able  to  derive  directional 
information  from  the  earth’s  magnetic  field,  the  prevailing  opinion  of  this  possibility  in  the 
scientific  community  of  the  mid  1960s  was  one  of  intense  skepticism.  Reports  by  Brown 
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and  h  is  colleagues  (summarizied  in  Bronx  n,  1971)  that  a  variety  of  invertebrates  respond  to 
weak  inagnetic  fields  had  not  been  widely  accepted,  and  most  investigators  thought  it  very 
unlikely  that  any  organism  could  detect  a  magnetic  field  as  weak  as  that  of  the  earth  (about 
0.5  gauss).  But  beginning  in  the  mid  1960s,  and  continuing  to  the  present,  a  group  in 
Frankfurt,  led  first  by  F.  Mi-rki  l  and  later  by  W.  Wiltschko,  intensively  investigated  the 
possible  role  of  magnetie  cues  in  avian  Orientation. 

Having  first  found  that  European  Robins  Erithacus  rubecula  exhibit  migratorily 
appropriate  Orientation  in  circular  test  cages  when  visual  cues  are  unavailable  (Merkel  et 
ah,  1964),  this  group  went  on  to  show  that  the  orientation  of  the  Robins  could  be  changed 
in  a  predictable  way  by  turning  the  magnetic  field  (e.g.  making  magnetic  north  in  the  cage 
coincide  with  geographic  east),  using  Helmholtz  coils  positioned  around  the  test  cage 
(Merkei,  &  Wii.tschko,  1965;  Wiltschko,  1968).  Although  the  technique  used  by  the 
Frankfurt  group  was  viewed  with  skepticism  by  some  investigators,  and  was  shown  to  be 
very  susceptible  to  artifacts  unless  great  care  is  taken  in  conducting  the  experiments 
(Howland,  1973),  their  results  were  later  successfully  replicated  by  Wallraff  (1972) 
with  Robins,  and  by  Emlen  et  al.  (1976)  with  Indigo  Buntings. 

Following  up  his  earlier  work,  Wiltschko  (1972)  found  that  robins  accustomed  to  the 
normal  magnetic  field  at  Frankfurt  (0.46  gauss)  imtially  gave  random  bearings  in  fields 
26%  lower  (0.35  gauss)  or  48%  higher  (0.68  gauss).  However,  if  the  birds  were  kept  in  the 
altered  field  for  a  few  days,  they  could  then  Orient  m  fields  as  low  as  0.16  gauss  or  as  high 
as  0.81  gauss.  A  similar  sensitivity  to  altered  field  strengths  was  found  in  Whitethroats 
Sylvia  communis  and  in  Garden  Warblers  Sylvia  borin  (Wiltschko  &  Merkel,  1971; 
Wiltschko,  1974).  It  was  suggested  that  the  birds’  ability  to  adapt  to  a  ränge  of  field 
strengths  would  permit  them  to  adjust  to  the  varymg  magnetic  intensities  they  would 
encounter  at  different  geographic  latitudes  during  migration. 

Wiltschko  (1972;  see  also  Wiltschko  &  Wiltschko,  1972)  found,  further,  that 
Robins  apparently  pay  no  heed  to  the  polarity  of  the  magnetic  field,  but  rather,  in  the 
northern  hemisphere,  take  north  as  that  direction  in  which  the  magnetic  and  gravity 
vectors  form  the  most  acute  angle  (Fig.  3).  They  are  unable  to  Orient  in  test  cages  when  the 
magnetic  field  is  entirely  horizontal  (i.e.  has  no  vertical  component),  as  is  the  case  at  the 
equator.  In  short,  the  bird’s  manner  of  reading  the  magnetic  compass  is  very  different  from 
our  own. 

The  first  good  evidence  of  a  magnetic  effect  on  pigeon  homing  came  when  Keeton 
(1971,  1972)  found  that  bar  magnets  attached  to  experienced  bird’s  backs  often  caused 
disorientation  on  heavily  overcast  days,  whereas  they  had  little  effect  on  sunny  days. 
Walcott  &  Green  (1974),  using  Helmholtz  coils  on  the  pigeons’  head  and  neck,  exposed 
the  birds  to  more  homogeneous  magnetic  fields  than  those  produced  by  Keeton’s  bar 
magnets;  again  there  was  no  dramatic  effect  on  sunny  days,  but  on  overcast  days  the  bird’s 
orientation  was  changed  (not  merely  disrupted)  in  a  manner  consistent  with  Wiltschko’s 
formulation  of  the  way  the  avian  magnetic  compass  works. 

Thus  emerged  the  concept  that,  in  the  case  of  homing  pigeons,  the  magnetic  field 
provides  compass  Information  that  experienced  birds  use  primarily  when  the  sun  compass 
is  not  available.  While  this  idea  is  certainly  true  in  some  respects,  it  may  also  be  an 
oversimplification,  because  there  is  a  growing  body  of  evidence  that  magnetic 
perturbations  alter  in  a  small  but  consistent  way  the  orientation  of  pigeons  on  sunny  days 
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(Keeton,  1971;  Keeton  et  al.,  1974;  Larkin  &  Keeton,  1976;  Walcott,  1977). 
Moreover,  there  is  also  some  indication  that  magnetic  information  obtained  during  the 
outward  journey  to  the  release  site  may  sometimes  influence  the  initial  orientation  of 
pigeons  (R.  Wiltschko  et  ab,  1978;  Kiepenheuer,  1978;  Papi  et  ab,  1978). 


f 


4  4- 

Figure  3.  The  magnetic  compass  of  the  European  Robin.  Top:  The  birds  Orient  northward  in  spring, 
whether  the  magnetic  field  vector  points  north  and  down  (which  is  the  normal  condition)  or  south  and 
up.  Bottom:  The  same  birds  change  their  orientation  to  southward  if  the  magnetic  vector  points  north 
and  up  or  south  and  down,  ln  short,  it  appears  to  be  the  alignment  of  the  magnetic  vector,  not  its 

polarity,  that  determines  the  birds’  behaviour. 


Lindauer  &  Martin  (1968;  see  also  Martin  &  Lindauer,  1977)  have  reported 
convmcing  evidence  that  the  dance  of  scout  honeybees  is  influenced  by  even  minor  natural 
fluctuations  in  the  earth’s  magnetic  field.  Their  results  suggest  the  bees  are  sensitive  to 
magnetic  changes  of  less  than  10“^  gauss  and  very  probably  of  less  than  10“^'’  gauss.  There 
is  now  evidence  from  several  sources  that  birds  are  probably  equally  sensitive.  Thus 
Southern  (1972)  has  reported  for  gull  chicks,  Keeton  et  ab  (1974;  see  also  Larkin  & 
Keeton,  1977)  for  homing  pigeons,  and  Moore  (1977)  for  free-flying  migrants  that 
orientation  is  influenced  by  natural  magnetic  disturbances,  due  largely  to  events  on  the 
sun,  such  as  solar  flares.  Also  indicating  a  very  great  magnetic  sensitivity  is  evidence 
reported  by  Wagner  (1976)  and  by  Walcott  (1978)  that  geographic  magnetic  anomalies 
disturb  the  initial  orientation  of  pigeons.  Larkin  &  Sutherland  (1977)  have  found 
evidence  that  free-flying  migrants  are  influenced  by  the  very  weak  low-frequency 
alternating  fields  produced  by  the  Wisconsin  test  antenna  for  the  U.S.  Navy’s  proposed 
Project  Seafarer. 

In  view  of  the  abundant  evidence  that  birds  are  very  sensitive  to  magnetic  Stimuli,  at  least 
when  they  are  orienting,  one  would  hope  that  we  will  soon  learn  the  mechanism  of  their 
magnetic  sense.  Several  hypotheses  (e.g.  Cope,  1973;  Leask,  1977,  1978)  have  been  put 
forward,  but  remain  inadequately  evaluated.  Indeed,  until  very  recently  no  one  had  been 
successful  in  training  birds  to  magnetic  Stimuli  in  the  laboratory  (as  opposed  to  recording 
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spontaneous  reponses),  despite  numerous  attempts  (e.g.  Emlen,  1970a;  Kreithen  & 
Keeton,  1974c;  Beaugrand,  1976,  1977).  Finally,  Bookman  (1977)  has  reported  success 
training  pigeons  in  a  two-choice  test  where  different  magnetic  conditions  provide  the 
information  on  which  the  choice  must  be  based.  Bookman’s  procedure  differs  in  at  least 
two  obvious  ways  from  previous  conditioning  attempts,  namely  the  birds  are  permitted 
more  time  to  make  the  choice  and  they  can  fly  within  the  test  field.  Bookman’s  data 
suggest  that  flying  (especially  hovering)  is  very  important,  thought  it  is  not  yet  known 
whether  the  flight  is  necessary  for  Operation  of  the  detection  mechanism  per  se  or  whether 
it  merely  makes  the  birds  more  attentive  to  magnetic  Stimuli. 

Possible  detection  of  gravity  variations 

Several  years  ago,  Larkin  and  Keeton  noticed  that  often  when  animals  had  shown  clear 
responsiveness  to  magnetic  Stimuli  they  had  been  simultaneously  responding  to  gravity 
(e.g.  Lindauer  &  Martin,  1968;  Werner  &  Labhart,  1970;  Wiltschko  & 
WiLTSCHKO,  1972).  Consequently,  these  investigators  sought  to  determine  whether 
gravity  cues  might  play  some  role  in  pigeon  homing,  especially  in  situations  where  the  birds 
are  using  magnetic  information.  Being  unable  to  alter  gravity  in  the  laboratory,  they  looked 
instead  for  a  possible  influence  of  the  natural  monthly  gravitational  cycle  caused  by  the 
changing  relative  positions  of  the  earth,  sun  and  moon.  In  six  separate  test  series, 
conducted  during  four  different  years  at  three  different  locations,  they  found  a  significant 
correlation  between  the  pigeons’  mean  vanishing  bearings  and  the  day  of  the  lunar  synodic 
month  (Larkin  &  Keeton,  1978).  Suggestive  as  these  results  may  be,  however,  they  do  not 
prove  a  direct  effect  of  gravitational  changes  on  the  birds’  Orientation,  because  some  other 
environmental  variables  to  which  birds  might  be  responsive  may  also  be  related  to  the 
lunar  cycle. 

Despite  the  still  uncertain  meaning  of  the  synodic  lunar  rhythm  found  by  Larkin  & 
Keeton,  let  us  consider  the  possibilities  for  birds  if  they  could  detect  minute  variations  in 
gravity.  Gravity  varies  not  only  temporally  but  also  geographically,  in  both  a  regulär  and 
an  irregulär  manner.  The  regulär  Variation  is  in  a  north-south  gradient  and  is  due  to  the  fact 
that  the  earth  is  not  a  perfect  sphere.  The  irregulär  Variation  is  due  to  the  differing  densities 
of  the  material  in  the  earth’s  crust  at  different  localities.  Gravity  cues  could,  then, 
potentially  be  useful  in  navigation,  both  because  they  would  indicate  the  north-south  axis 
and  because  they  could  provide  an  additional  topography  over  and  above  the  topographies 
we  normally  consider. 

If  a  bird  could  use  the  north-south  gravitational  gradient  to  determine  true  (i.e. 
rotational)  north,  then  magnetic  declination  (the  deviation  of  magnetic  north  from  true 
north)  might  be  readable.  It  happens  that  declination  is  one  of  the  very  few  environmental 
Parameters  that  vary  as  a  rough  analog  of  longitude,  hence  its  potential  usefulness  would 
be  very  great  indeed.  Moreover,  preliminary  results  of  Larkin  &  Keeton  (unpublished) 
suggest  that  declination  may  actually  be  the  parameter  of  the  magnetic  field  that  most 
influences  pigeon  orientation  during  magnetic  disturbances.  Clearly  this  is  a  subject 
worthy  of  further  intensive  exploration.  It  is  important  to  emphasize,  however,  that  there 
is  as  yet  no  direct  evidence  that  birds  can  detect  such  incredibly  tiny  differences  in  gravity 
(less  than  10  gals)  as  would  be  necessary  to  permit  use  of  gravitational  cues  in  long-distance 
navigation. 
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Barometric  pressure  detection 

For  birds,  which  spend  much  of  their  time  in  ihe  air,  a  sensitive  ability  to  detect  changes 
in  barometric  pressure  would  potentially  be  usefui  in  a  variety  of  ways.  Hence  it  is  not 
surprising  that  pigeons  have  recently  been  shown  to  possess  just  such  a  detection  capability 
(Kreithen  &  Keeton,  1974a).  Other  species  of  birds  have  not  yet  been  tested  for  this 
ability. 

One  obvious  way  a  bird  could  use  a  barometric  pressure  sense  is  as  an  altimeter.  The 
sensitivity  found  in  homing  pigeons  is  sufficiently  great  so  that  they  should  surely  be  able 
to  detect  a  change  in  altitude  of  10  m,  and  indeed  it  seems  likely  they  may  be  able  to  detect 
a  change  of  as  little  as  3  m.  Not  only  would  an  altimeter  sense  be  usefui  when  flying  in 
cloud,  but  we  note  also  that,  if  birds  really  possess  the  ability  to  detect  changes  m  gravity, 
as  speculated  above,  an  altimeter  would  be  essential  because  compensation  for  altitude 
would  be  necessary  in  view  of  the  fall  in  gravity  with  increasing  elevation. 

Another  way  birds  might  use  their  barometric  sense  would  be  in  predicting  weather 
changes.  A  human  meteorologist  finds  a  senstive  barometer  very  helpful  in  such 
predicting;  why  should  not  a  bird  use  its  built-in  barometer  in  the  same  way?  There  is,  of 
course,  a  long  history  of  ordinary  bird  watchers  reporting  that  the  birds  in  their  yard  seem 
to  show  by  behavior  changes  that  a  weather  front  is  approaching,  long  before  the  human 
observer  sees  any  indication  of  the  front.  And,  more  authoritative,  there  is  convincing 
recent  evidence  that  birds  about  to  initiate  migratory  flight  are  very  good  meteorologists 
indeed  (Emlen,  1974a).  Thus,  in  eastern  North  America,  major  autumnal  movements  tend 
to  occur  on  the  east  side  of  a  high-pressure  cell  following  passage  of  a  cold  front,  and  ma)or 
spring  flights  tend  to  cencentrate  on  the  west  side  of  a  high  pressure  area  ahead  of  an 
advancing  low-pressure  cell  (Richardson,  1971,  1972).  Many  migrants,  especially  small 
song  birds,  seem  to  be  quite  accurate  at  predicting  early  in  the  evening,  when  they  are  still 
on  the  ground,  what  the  wind  conditions  aloft  will  be  later  that  night;  they  go  up  in 
greatest  numbers  when  the  winds  aloft  will  be  favorable. 

Finally,  the  last  few  years  have  witnessed  a  growing  Interest  in  the  possibility  that 
weather  factors  may  not  only  be  important  in  determining  the  intensity  of  migratory 
movements,  or  in  influencing  the  bioenergetic  cost  of  migration,  but  also  in  providing 
usefui  Orientation  cues  (Griefin,  1969;  Emlen,  1975a).  Wind  directions,  pressure  patterns 
in  the  atmosphere,  and  patterns  of  air  turbulence  are  among  the  meteorological  factors  that 
could  potentially  provide  orientational  Information,  and  the  detection  of  these  would 
surely  be  facilitated  by  the  bird’s  barometric  sense.  In  some  situations  (but  certainly  not 
all),  however,  passerines  may  not  get  directional  Information  per  se  from  the  winds,  but 
simply  fly  downwind  once  aloft  (Gauthreaux  &  Able,  1970;  Able,  1973,  1974a; 
Williams  &  Williams,  1978;  for  contrary  evidence,  see  Able,  1974b). 

Infrasound  Detection 

Although  the  literature  would  lead  one  to  think  the  lower  frequency  limit  of  bird 
hearing  would  be  about  100  FIz,  Yodlowski  et  al.  (1977)  have  recently  announced  the 
startling  discovery  that  homing  pigeons  are  sensitive  to  frequencies  lower  than  1  Hz. 
Indeed,  the  audiogram  for  the  pigeon  worked  out  by  Kreithen  &  Quine  (in  press)  shows 
sensitivity  down  at  least  to  0.05  Hz  (Fig.  4).  Admittedly  the  very  low  frequency  sounds 
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must  be  very  loud  to  be  detected,  but  natural  environmental  sounds  are  often  that  loud. 
We  humans,  bemg  deaf  to  such  low  frequencies,  tend  to  forget  that  the  environment  is 
very  noisv  in  the  low-frequeney  ränge.  The  pigeons’  sensitivity  is,  in  fact,  at  the  level  it 
should  be  if  meaningful  Signals  are  to  be  extracted  from  the  noise.  What  is  important  is  not 
absolute  sensitivity  but  environmentally  relative  sensitivity. 

Detection  of  mfrasound  bv  birds  raises  an  mtngumg  new  orientational  possibihty. 
Because  attenuation  is  proportional  to  the  square  of  frequency,  mfrasonic  frequencies  as 
low  as  those  the  bircfs  can  detect  may  travel  hundreds  or  even  thousands  of  miles  with  httle 
energy  loss.  Potentially,  then,  pigeons  might  be  able  to  minitor  distant  mfrasonic  sources, 
such  as  mountains  whistlmg  because  of  winds  blowmg  across  them,  and  to  use  these  as  a 
rough  System  of  beacons  for  determining  position. 


Figurk  4.  A  behavioural  audiogram  for  the  homing  pigeon.  Open  Symbols  (in  the  Standard  acoustical 
ränge)  represent  data  from  the  older  literature.  Black  circles  indicate  newly  determined  intensity 
thresholds  (dB  SPL)  in  the  lower-frequency  ränge.  The  series  of  vertical  bars  illustrate  the 
approximate  intensity  of  natural  environmental  infrasounds.  The  pigeons’  sensitivity  is  sufficient  so 
that  these  natural  infrasounds  should  be  audible.  By  contrast,  the  low-frequency  sensitivity  of  human 
beings  (black  triangles)  is  not  sufficient  to  permit  hearing  of  the  natural  infrasounds. 


But  if  pigeons  are  to  use  infrasounds  in  this  way,  they  should  be  able  to  teil  from  what 
directions  the  sounds  come,  yet  binaural  comparisons  would  be  impossible  for  such  very 
long  wavelengths  (over  3  km  at  0. 1  Hz).  A  possible  way  around  this  problem  comes  from 
the  work  of  Quine  (in  prep.),  who  finds  that  pigeons’  frequency  discrimination  in  the 
infrasonic  ränge  is  sufficiently  good  so  that  doppler  shifts  in  apparent  frequency  induced 
when  a  bird  flies  toward  and  then  away  from  an  infrasound  source  would  be  well  within 
the  bird’s  ability  to  detect.  Thus  pigeons  may  be  able  to  get  directional  Information  from 
infrasounds  while  in  flight,  even  if  they  cannot  do  so  while  perching.  Field  experiments  to 
evaluate  this  possibihty  are  now  in  progress  at  Cornell. 
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Polarized  light  detection 

The  discovery  by  Kreithen  &  Keeton  (1974b)  and  by  Delius  et  al.  (1976)  that  homing 
pigeons  can  detect  the  polarization  of  light  may  mean  that  these  birds,  like  honeybees,  can 
continue  using  a  derivative  of  the  sun  compass  on  partially  overcast  days,  when  the  sun’s 
disk  is  hidden  from  view  but  some  blue  sky  remains.  This  is  possible  because  of  the 
geometric  relationships  between  the  position  of  the  observer,  the  plane  of  polarization  of 
sunlight,  and  the  position  of  the  sun,  which  permits  derivation  of  the  sun’s  position  if  the 
polarization  can  be  detected.  Actual  use  of  polarized  light  by  orienting  birds  in  the  field 
has,  however,  not  yet  been  studied. 

Ultra violet  light  detection 

Yet  another  addition  to  our  knowledge  of  avian  vision  is  the  recent  discovery  by 
Kreithen  &  Eisner  (1978)  that  homing  pigeons  can  see  ultraviolet  light  (see  also  Delius 
&  Emmerton,  1978).  This  raises  the  question,  now  under  investigation  at  Cornell, 
whether  the  pigeons  perform  their  analysis  of  polarization  in  the  ultraviolet  wavelengths, 
as  honeybees  do. 

Olfaction 

Olfaction,  unlike  most  of  the  other  sensory  capacities  discussed  above,  is  not  a  recently 
discovered  sense.  But  the  possibility  that  it  may  play  an  important  role  in  avian  navigation 
is  new.  It  was  in  1972  that  Papi  et  al.  first  put  forward  their  olfactory  navigation  hypothesis. 
Briefly,  they  propose  that  young  pigeons  at  the  home  loft  would  learn  to  associate 
particular  odors  with  winds  fron  certain  directions.  Thus  odor  A  might  arrive  at  the  loft 
primarily  on  winds  from  the  north,  odor  B  on  winds  from  the  east,  etc.  A  bird  released  at  a 
distant  site,  say  north  of  home,  would  detect  a  strong  odor  of  A  and  therefore  determine 
its  position  to  be  north  of  home.  The  bird  would  then  use  one  of  its  compass  Systems  to 
locate  South,  and  begin  its  homeward  flight. 

Papi  and  his  colleagues  have  performed  a  long  series  of  ingenious  experiments  to  test 
their  hypothesis,  and  have  reported  consistently  positive  results  (for  summary,  see  Papi, 
1976).  These  experiments  have  included  painting  strongly  odorous  substances  (e.g. 
a-pinene)  on  the  birds’  noses  just  before  release,  transporting  birds  to  release  sites  along 
strongly  divergent  routes  or  under  altered  olfactory  conditions,  unilateral  and  bilateral 
sectioning  of  the  olfactory  nerv  es,  and  exposing  young  pigeons  to  altered  olfactory 
experiences  at  the  home  loft.  Unfortunately,  attempts  to  repeat  some  of  these  experiments 
at  Cornell  yielded  generally  negative  results  as  far  as  Orientation  was  concerned,  though 
there  was  sometimes  an  effect  on  homing  success  (Keeton,  1974b;  Keeton  &  Brown, 
1976;  Keeton  et  ah,  1977).  Similar  attempts  at  Tübingen  yielded  either  negative 
(Schmidt-Koenig  &  Philips,  1978)  or  ambiguous  (Hartwick  et  ah,  1978)  results. 

In  an  effort  to  resolve  the  differences  between  the  Pisa  and  Cornell  groups,  six  series  of 
collaborative  experiments  were  performed  at  Cornell  in  1977.  The  overall  result  of  these 
experiments  was  that,  with  the  exception  of  deflector-loft  experiments,  to  be  discussed 
later,  we  found  no  consistent  effect  of  olfactory  interference  or  deprivation  on  initial 
Orientation,  but  we  did  often  find  an  effect  on  homing  success  from  distant  unfamiliar 
release  sites  (Papi  et  ah,  in  press).  Unfortunately  these  results  are  interpreted  one  way  by 
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the  Cornell  investigators  and  another  way  by  the  Italian  investigators,  hence  the  question 
of  the  role  of  olfaction  in  avian  Orientation  remains  unresolved.  Readers  should  be 
forewarned  that  the  remainder  of  the  present  discussion  of  olfaction  is  a  biased  one,  since  I 
am  a  major  party  to  the  disagreement. 


Figure  5.  A  comparison  of  results  from  Pisa  and  Cornell  in  two  tests  of  the  olfactory-navigation 
hypothesis.  Left:  At  Pisa,  pigeons  with  a-pinene  painted  on  their  nostrils  (black  Symbols)  were 
disoriented  whereas  control  pigeons  (open  symbols)  were  homeward  oriented.  By  contrast  both 
control  and  experimental  bird  were  oriented  at  Cornell.  Right:  In  releases  of  pigeons  with  unilateral 
olfactory-nerve  sections,  the  experimental  birds  (contralateral  nostril  plugged)  oriented  differently 
from  the  Controls  (ipsilateral  nostril  plugged)  at  Pisa  but  not  at  Cornell.  The  home  bearing  has  been  set 

at  0°  in  all  four  cases,  to  facilitate  comparisons. 

Let  US  look  more  closely  at  the  collaborative  results  concerning  initial  Orientation.  (1) 
We  found  no  effect  on  Orientation  of  painting  a-pinene  on  the  birds’  noses,  whereas 
Benvenuti  et  al.  (in  press)  have  found  a  clear  disorienting  effect  in  Italy  (Fig.  5).  (2) 
Inserting  plastic  tubes  in  the  birds’  nostrils  to  eliminate  olfaction  had  little  effect  on 
Orientation,  whereas  Hartwick  et  al.  (1977)  have  reported  an  effect  in  Italy.  (3)  Pigeons 
subjected  to  unilateral  section  of  the  olfactory  nerve  and  then  released  wearing  a  plug  in  the 
contralateral  nostril  (controls  wore  a  plug  in  the  ipsilateral  nostril)  showed  no  marked 
orientational  deficit,  whereas  Baldaccini  et  al.  (1975)  did  find  an  orientational  effect  of 
such  treatment  in  Italy  (Fig.  5).  (4)  We  found  an  effect  on  orientation  of  only  one  out  of 
three  outward-journey  detours  (three  detours  tried  earlier  by  Keeton,  1974b  also 
showed  no  effect),  whereas  Papi  et  al.  (1973)  report  a  consistent  effect  of  such  detours  in 
Italy.  I  conclude,  then,  that  there  must  be  major  differences  in  the  homing  behavior  of  the 
Italian  and  Cornell  pigeons,  and  that  it  will  be  a  fascinating  topic  for  future  research  to 
determine  why  Italian  pigeons  seem  to  rely  so  much  more  heavily  on  olfaction  than 
Cornell  pigeons  do.  (This  is  not,  however,  the  first  example  of  major  geographic 
differences  in  avian  orientation,  for  nocturnal  passerine  migrants  in  the  southeastern 
United  States  nearly  always  fly  downwind,  whereas  the  same  species  in  the  northeastern 
part  of  the  country  only  rarely  do  so  if  the  wind  direction  is  inappropriate  [see  Able, 
1978].) 

In  one  series  of  collaborative  experiments,  we  were  successful  in  repeating  the  Italian 
group’s  results  on  initial  orientation.  This  series  utilized  the  deflector-loft  technique  so 
imaginatively  designed  by  Baldaccini  et  al.  (1975b).  In  these  experiments,  pigeons  were 
exposed  in  their  home  lofts  to  winds  -  and  the  odors  they  are  presumed  to  carry  -  deflected 
either  clockwise  or  counterclockwise  (Fig.  6).  When  tested  at  release  sites,  the  pigeons 
chose  bearings  to  the  right  or  left  of  control  pigeons,  as  predicted  by  the  olfactory 
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hypothesis  (Waldvogel  et  al.,  in  press).  These  results  may  well  indicate  that  olfactory 
cties  are  sometimes  used  by  the  Cornell  pigeons,  though  no  final  decision  can  be  made 
until  experiments  that  control  for  the  various  other  orientationally  relevant  factors  altered 
by  the  deflectors  are  performed. 


Figure  6.  The  deflector  loft  experiments.  Top:  All  three  lofts  (control  loft  in  center,  lofts  with 
deflectors  on  each  side)  have  walls  that  allow  free  flow  of  air.  Winds  from  the  north,  presumably 
carrying  odour  A,  enter  the  control  loft  from  the  north,  but  they  enter  the  other  lofts  from  the  east  and 
west  because  of  the  deflectors.  Bottom:  Bearings  of  pigeons  released  north  of  home.  The  control 
birds,  which  had  earlier  experienced  normal  air  flow  (i.e.  A  winds  from  the  north)  oriented  properly 
southward,  toward  home.  By  contrast,  the  CW  birds,  which  had  experienced  A  winds  from  the  east, 
oriented  more  westerly,  and  the  CCW  birds,  which  had  experienced  A  winds  from  the  west,  oriented 

easterly.  (Redrawn  from  Baldaccini  et  al.,  1975b). 


There  is  no  question  that  techniques  such  as  olfactory  nerve  section  or  insertion  of 
plastic  tubes  into  the  nostrils  do  usually  result  in  much  poorer  homing  success  from  distant 
unfamiliar  release  sites.  As  in  Italy,  this  had  been  found  at  Cornell  (Keeton  et  al.,  1977; 
Hermayer  &  Keeton,  in  prep.)  and  was  confirmed  by  the  collaborative  experiments.  It  is 
in  interpreting  this  effect  on  homing  that  the  Italian  and  Cornell  groups  differ  the  most. 
Papi  and  his  colleagues  feel  the  poor  homing  means  that  olfactory  cues  play  an 
irreplaceable  role  in  homing  from  unfamiliar  sites  -  that  birds  are  unable  to  home  from 
unfamiliar  sites  when  deprived  of  olfactory  Information.  My  colleagues  and  I  feel,  on  the 
other  hand,  that  since  the  olfactorily  deprived  birds  usually  depart  from  the  release  site  on 
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a  propei  course,  their  poorer  homing  may  have  nothing  to  do  with  navigation  but  may 
merely  indicate  a  diminished  motivation  that  results  in  the  birds’  ianding  when  only  part 
wa\  home.  We  are  concerned  about  the  motivational  effects  of  surgical  or  other 
procedures  that  produce  trauma,  especially  when  the  trauma  is  to  a  part  of  the  respiratory 
svsteni,  on  which  flying  birds  must  make  very  heavy  demands. 

We  attempted  to  evaluate  our  Suggestion  by  airplane-tracking  pigeons  in  one  of  the 
collaborative  experiments  with  nasal  tubes.  Unfortunately,  our  Suggestion  proved  almost 
too  true  -  all  five  of  the  experimental  birds  that  were  tracked  soon  landed  and  we  were 
unable  to  get  as  much  detail  about  the  fhght  course  as  we  had  hoped.  However,  before 
they  landed,  these  birds  were  flying  roughly  the  same  course  followed  by  control  birds. 
Hence,  in  my  opinion,  there  was  no  indication  of  disorientation  but  rather  abundant 
indication  of  diminished  motivation. 

In  summary,  my  appraisal  of  the  role  of  olfaction  m  avian  navigation  is  that  it  is  very 
likely  that  odors  constitute  one  of  the  many  sources  of  information  birds  may  use  in 
navigating.  Olfactory  cues  appear  to  be  used  more  by  Itahan  than  by  Cornell  pigeons,  for 
reasons  yet  to  be  determined.  But  I  doubt  that  olfaction  will  be  found  to  play  as  essential  a 
role  in  avian  navigation  as  Papi  and  his  colleagues  have  proposed.  Indeed,  I  am  not 
convmced  that  any  single  cue  so  far  discovered  is  essential;  there  seems  to  be  so  much 
redundancy  in  the  avian  navigation  System  that  experienced  birds  can  Orient  when  only  a 
few  from  the  full  panoply  of  cues  are  available. 

The  Integration  of  orientational  cues 

From  all  that  has  been  said  above,  it  should  be  clear  to  the  reader  that  birds  can  use  many 
different  orientational  cues,  some  of  them  redundant.  These  cues  can  be  integrated  in  a 
variety  of  ways  -  according  to  different  weighting  schemes,  if  you  will  -  depending  on  the 
birds  age,  experience,  and  species,  and  on  weather  conditions  and  the  season  of  the  year. 
The  old  hope  that  one  simple  System  would  be  found  to  explain  all  of  avian  Orientation  has 
gone  aghmmering.  Flence  one  of  the  chief  thrusts  of  current  orientational  research  is  the 
attempt  to  learn  how  the  different  cues  are  integrated  and  what  constraints  there  are  on  the 
amazing  flexibihty  of  avian  navigation  Systems. 

Studies  of  Integration:  the  ontogeny  of  orientational  behavior 

One  powerful  way  of  teasing  apart  the  many  elements  of  avian  Orientation  Systems  is  to 
manipulate  the  early  development  of  those  Systems.  By  so  doing,  one  can  often  get  young 
birds  to  omit  one  or  more  of  the  usual  cues  or  to  adopt  an  atypical  weighting  scheme  so 
that  cues  that  would  normally  be  secondary  or  tertiary  become  primary  and  thus  easier  to 
study. 

In  a  series  of  experiments  on  the  ontogeny  of  stellar  Orientation  in  Indigo  Buntings, 
Emlen  (1972)  found  that  there  is  a  critical  period  during  which  young  buntings  learn  to 
read  the  star  compass.  If  the  buntings  have  had  a  view  of  the  starry  sky  during  the  weeks 
preceding  the  Start  of  their  first  autumnal  migration  season,  they  can  Orient  properly  when 
that  season  begins.  But  if  they  have  not  seen  the  night  sky  until  after  the  first  migration 
season  has  begun,  they  never  learn  to  use  the  star  compass,  no  matter  how  often  they  see 
the  sky  thereafter. 
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Emlen  (1972,  1975b)  also  showed  that  young  buntings  respond  initially  to  the  apparent 
rotation  of  the  starry  sky  during  the  night.  The  axis  of  this  rotation  is  north-south,  hence  it 
can  provide  compass  Information.  But  detecting  the  rotation  probably  takes  considerable 
time  -  the  rotation  could  not  be  determined  at  a  glance.  It  is  understandable,  therefore, 
that  the  birds  do  not  long  depend  on  the  axis  of  rotation  per  se;  rather  they  soon  learn  Star 
patterns  that  will  indicate  where  the  axis  is,  and  thereafter  they  rely  exclusively  on  those 
patterns.  In  other  words,  the  axis  of  rotation  functions  in  ontogeny  only  as  the  reference 
against  which  the  star  compass  is  initially  calibrated.  Thus,  when  Emlen  exposed 
hand-reared  young  buntings  to  a  planetarium  sky  rotating  around  an  incorrect  axis  -  one 
for  which  Betelgeuse  was  the  pole  star  -  the  buntings  learned  to  use  the  stars  in  the 
circum-Betelgeuse  portion  of  the  sky  and,  consequently,  they  oriented  in  an  inappropriate 
direction  when  later  tested  under  a  normal  sky.  When  retested  a  year  later,  after  extensive 
exposure  to  the  normal  sky,  they  had  not  corrected  their  orientation;  what  they  had 
learned  during  the  critical  period  in  their  early  life  still  dominated  their  behavior. 

In  orientation  studies  with  young  first-flight  pigeons  (i.  e.  very  young  birds  released  for 
their  first  homing  flight),  Keeton  &  Gobert  (1970)  found  that  these  birds  appear  to 
require  the  sun  compass  for  orientation;  if  they  are  released  under  heavy  total  overcast  they 
usually  depart  randomly,  even  though  experienced  pigeons  can  Orient  under  such 
conditions  (Keeton,  1969).  Moreover,  first-flight  youngsters  appear  to  require  magnetic 
cues  also;  they  usually  depart  randomly,  even  on  sunny  days,  when  wearing  bar  magnets 
attached  to  their  backs  (Fig.  7)  (Keeton,  1971).  In  short,  the  first-flight  birds  need  both 
sun  and  magnetic  cues,  whereas  experienced  pigeons  need  only  one  or  the  other.  It  seems, 
then,  that  these  young  inexperienced  pigeons  are  integrating  cues  in  a  manner  quite 
different  from  that  used  by  experienced  birds.  Perhaps  the  effect  of  experience  is  merely  to 
enable  them  to  get  by  with  less  Information,  but  alternatively,  the  experience  may  help 
them  establish  a  hierarchy  of  choice,  so  that  they  can  later  deal  with  situations  in  which 
two  or  more  cues  give  conflictmg  Information. 


Figure  7.  The  orientation  under  a  spring  planetarium  sky  of  Indigo 
Buntings  in  spring  and  “autumnal”  physiological  conditions.  The 
birds  in  spring  oriented  north-northeastward,  the  usual  direction 
for  this  species.  The  birds  brought  artificially  into  autumnal 
condition  oriented  south-southeastward.  (Redrawn  from  data  in 

Emlen,  1975a.) 


In  some  cases,  the  effects  of  experience  and  of  mcreasing  age  may  be  essentially 
interchangeable.  For  example,  in  a  lengthy  study  of  the  effects  of  clock-shifts  on  the 
orientation  of  first-flight  pigeons,  Keeton  &  Brown  (in  prep.)  found  that  very  young 
first-flight  birds  (less  than  10  weeks  old)  seldom  respond  to  6  hr  clock-shifts  by  choosing 
bearings  deflected  90°  from  those  of  control  birds;  instead,  they  either  Orient  similarly  to 
the  Controls  or  depart  randomly.  But  if  they  have  had  previous  homing  flights  -  or  even  if 
they  have  simply  “trained  themselves”  by  ranging  (i.e.  by  flying  away  from  the  vicinity  of 
the  home  loft  during  their  daily  exercise  flights)  -  then  even  birds  as  young  as  7  weeks  old 
respond  to  clock-shifts  like  experienced  adults.  Birds  that  have  neither  ranged  nor  had 
previous  homing  flights  but  that  are  more  than  18  weeks  old  also  respond  to  clock-shifts 
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like  experienced  adults.  In  other  words,  either  homing  experience  or  increasing  age  can 
cause  maturation  of  orientational  responsiveness  to  clock-shifts. 

As  an  example  of  an  experimental  manipulation  that  results  in  young  birds’  omitting  a 
normal  cue,  we  can  eite  the  studies  of  Wiltschko,  Wiltschko,  Brown  &  Keeton  (in 
prep.)  with  so-called  no-sun  pigeons.  These  investigators  found  that  young  pigeons  raised 
without  ever  having  a  chance  to  see  the  sun  (they  were  flown  for  exercise  only  on  overcast 
days)  could  Orient  perfectly  well  when  released  under  total  overcast  for  their  first  homing 
flight,  even  though  normal  first-flight  pigeons  vanish  randomly  under  total  overcast 
(Keeton  &  Gobert,  1970).  Having  never  viewed  the  sun,  the  no-sun  pigeons  had  not 
incorporated  it  into  their  navigation  System  and  hence  had  no  difficulty  orienting  when  it 
was  missing. 


Figure  8.  Bearings  on  a  sunny  day  of  first-flight  pigeons  wearing  magnet  bars  or  brass  bars.  The 
magnet-laden  pigeons  (black  Symbols)  vanished  randomly,  whereas  the  brass-laden  birds  (open 

Symbols)  were  well  oriented. 

Studies  of  the  ontogeny  of  the  sun  compass  in  pigeons  have  revealed  that  the  coupling  of 
times,  directions,  and  sun  azimuths  is  not  inherited  but  must  be  learned  (Wiltschko  et 
ab,  1976).  Thus  young  pigeons  reaised  under  a  permanently  6-hr-slow  clock-shifted 
photoperiod  Orient  normally,  with  no  indication  of  the  deflection  seen  in  ordinary 
clocks-shifts  (Fig.  8  A).  The  birds  appear  to  have  learned  that  the  “morning”  sun  is  in  the 
south,  the  “noon”  sun  is  in  the  west,  etc.  When  these  birds  are  moved  to  a  normal 
photoperiod  and  retested  after  five  or  six  days,  they  then  show  bearings  deflected  90°  from 
the  Controls  (Fig.  8  B);  being  put  in  a  normal  photoperiod  has  the  same  effect  on  them  as  a 
6-hr-fast  clock-shift  has  on  normal  pigeons.  These  results  indicate  that  the  sun  compass 
must  be  calibrated,  which  suggests  that  it  may  be  a  derivative  compass  -  that  there  may  be 
some  other  more  fundamental  directional  cue  that  functions  as  the  reference  for 
calibration.  One  current  line  of  research  is  the  attempt  to  determine  what  that  reference 
cue  might  be. 

Studies  of  integration:  manipulation  of  physiological  condition 

Emlen  (1969)  has  pursued  the  question  whether  it  is  the  seasonal  differences  in  the 
temporal  positions  of  the  stars  that  determines  southward  Orientation  by  migratory  birds 
in  autumn  and  northward  Orientation  in  spring,  or  whether  the  differences  in  Orientation 
result  from  corresponding  differences  in  the  physiological  condition  of  the  birds.  By 
manipulating  photoperiods,  he  contrived  to  bring  one  group  of  male  Indigo  Buntings  into 
autumnal  condition  at  the  same  time  that  another  group  was  in  spring  condition.  He  then 
tested  both  groups  simultaneously  under  a  spring  sky  in  a  planetarium.  The  birds  in 
autumnal  condition  oriented  southward,  whereas  the  birds  in  spring  condition  oriented 
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northward  (Fig.  9).  Since  the  two  groups  saw  indentical  star  pattcrns,  Emlen  concluded 
that  their  different  directions  of  Orientation  were  due  to  their  physiological  conditions,  not 
to  the  environmental  Stimuli.  He  predicted  that  the  important  factor  would  be  found  to  be 
hormonal. 

Later  studies  by  Martin  &  Mhiek  (1973)  stipported  Emi,i;n’s  prediction  by  showing 
that  the  orientation  of  White-throated  Sparrows  Zonotrichia  albicollis  m  circular  cages  can 
be  reversed  by  altering  the  temporal  pattem  of  administration  of  prolactm  and  corti- 
costerone.  Thus,  birds  given  injections  of  prolactin  4  hr  after  m)ections  of  corticosterone 
Orient  southward,  whereas  birds  given  the  prolactm  12  hr  after  corticosterone  Orient 
northward. 

Further  studies  utilizing  hormonal  manipulations  promise  to  provide  new  insights  into 
the  seasonal  changes  in  the  cue-integration  Systems  used  by  the  birds. 


Spring 


Autumn 


Figure  9.  Bearings  of  pigeons 
subjected  to  a  “permanent”  6  hr  slow 
clock-shift. 

Left:  While  still  living  under  the 
shifted  photoperiod,  the  experiment¬ 
al  birds  Orient  like  the  Controls, 
toward  home. 

Right:  When  retested  5  days  after 
being  moved  to  the  normal  photo¬ 
period,  the  experimental  birds  choose 
bearings  deflected  clockwise  from 
those  of  the  Controls. 

(From  WiLiscHKO  et  ab,  1976.) 


Studies  of  integration:  conflicts  between  cues 

Another  method  for  getting  at  the  question  of  the  relationships  between  cues  is  to  pit 
one  cue  against  another  in  orientational  experiments.  Let  us  examine  a  few  recent  examples 
of  investigations  using  this  approach. 

WiLTSCHKO  &  WiLTSCHKO  (1975)  have  conducted  circular-cage  experiments  in  which 
migratory  birds  are  able  to  see  the  starry  sky  while  experiencing  a  magnetic  Feld  that  has 
been  turned  by  Helmholtz  coils.  In  other  words,  the  birds  receive  conflicting  Information 
from  the  star  and  magnetic  compasses.  The  Wiltschkos  report  evidence  that  their  birds 
(both  robins  and  warblers)  periodically  use  the  magnetic  Feld  to  recalibrate  their  star 
compass.  The  birds  may  then  Orient  by  the  stars  for  a  day  or  so  before  again  taking  a 
magnetic  reading.  The  process  is  similar  to  one  a  person  might  use  if,  after  Consulting  his 
magnetic  compass,  he  then  walked  toward  a  distant  tree  seen  to  be  in  the  desired  direction; 
the  person  might  not  take  another  magnetic  bearing  until  he  needed  to  recheck  the  visual 
marker  or  to  choose  a  new  one.  Wiltschko  &  Wiltschko  (1976)  also  report  that  the 
birds  can  use  the  magnetic  Feld  to  calibrate  an  entirely  artificial  “star”  pattem. 

It  is  important  to  note  the  difference  between  these  results  of  the  Wiltschkos,  in  which 
magnetic  cues  appear  to  be  used  to  calibrate  the  star  compass,  and  the  results  of  Emlen 
(1970b,  1972),  in  which  the  axis  of  celestial  rotation  is  used.  It  is  possible  that  the 
differences  are  due  to  the  different  species  used  in  the  two  studies.  It  seems  more  likely. 
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however,  that  the  main  difference  is  that  Emlen  was  studying  the  original  calibration  of  the 
compass  by  premigratory  young  birds,  whereas  the  Wiltschkos  were  testing  recalibration 
by  actively  migrating  birds.  Nonetheless,  it  remains  unclear  why  Emlen’s  buntings,  which 
have  often  been  tested  in  a  planetarium  with  the  celestial  axis  not  aligned  along  magnetic 
north-south,  have  shown  no  indication  of  recalibrating  their  Star  compass.  Further  work  is 
needed  on  this  topic. 

Several  series  of  experiments  have  been  conducted  at  Cornell  in  which  homing  pigeons 
being  clock-shifted  6  hr  are  permitted  exposure  to  the  sun  and  other  natural  cues  during 
the  shifting  process.  Pigeons  allowed  to  sit  in  a  wire  aviary  during  the  overlap  period 
between  their  shifted  day  and  the  real  day  gave  no  indication  that  they  derived  any 
orientationally  meaningful  information  from  the  sun  except  that  the  light  was  on;  the 
timing  Information  potentially  available  in  the  sun’s  position  on  its  arc  appeared  to  be 
ignored  (Alexander  &  Keeton,  1974). 

Extending  this  approach  a  Step  farther,  Keeton  &  Alexander  (in  prep.)  tried  letting 
pigeons  in  the  process  of  bemg  clock-shifted  fly  for  exercise  during  the  overlap  period 
between  the  shifted  and  real  days.  Now  there  was  an  effect  on  Orientation.  Such  birds, 
when  tested  at  a  distant  release  site,  usually  (but  not  always)  chose  initial  bearings  deflected 
less  than  the  expected  90°  from  those  of  the  control  birds  (the  effect  differed  somewhat 
dependmg  on  the  birds’  ages).  Apparently  flight,  as  opposed  to  merely  sitting  in  an  aviary, 
had  made  the  birds  more  responsive  to  the  conflict  between  their  sun  compass,  their 
magnetic  compass,  their  visual  contact  with  the  loft,  and  other  relevant  cues,  with  the 
result  that  the  birds  given  exercise  flights  during  shifting  had  altered  the  way  they 
integrated  the  various  cues.  Edrich  &  Keeton  (1978),  investigating  how  much  flight  is 
required  to  produce  this  effect,  found  that  even  pigeons  exercised  only  in  7.3  m  long  flight 
cages  later  chose  bearings  deflected  less  than  those  of  normally  clock-shifted  birds.  Further 
experiments  are  needed  to  clarify  what  cues  the  clock-shifted  birds  are  using  to  correct  for 
the  erroneous  information  they  get  from  the  sun  compass. 

Studies  of  integration:  radar  tracking  of  known  individuals 

In  the  past,  most  radar  studies  of  bird  migration  have  used  surveillance  radar  to  monitor 
migratory  movements.  While  this  approach  has  yielded  invaluable  information  concerning 
flight  paths  and  concerning  the  relationships  between  migratory  intensity  and  accuracy  and 
the  weather,  it  has  not  been  suited  to  study  of  the  orientation  of  known  individual  birds. 
However,  Emlen  &  Demong  (1978)  have  recently  used  a  large  tracking  radar  at  the 
Wallops  Island,  Virginia,  NASA  base  to  follow  individual  White-throated  Sparrows 
previously  captured  and  assayed  for  stage  of  molt,  amount  of  fat,  and  intensity  of 
Zugunruhe.  The  sparrows  could  be  released  aloft  under  various  weather  conditions 
(including  ones  when  the  birds  would  not  normally  begin  a  migratory  flight)  and  after  they 
had  been  subjected  to  various  manipulations,  such  as  clock-shifting  or  having  a  magnet 
attached.  It  was  thus  possible  for  Emlen  and  Demong  to  investigate  the  decision-making 
Stage  of  free-flying  migration  under  conditions  when  different  weightings  of  orientational 
cues  might  be  expected. 

Amongst  their  many  results,  Emlen  &  Demong  (1978,  and  in  press)  found  that 
information  from  viewing  the  setting  sun  probably  plays  an  important  integrative  role 
during  the  transition  between  daylight  and  darkness.  Under  overcast  skies  at  night,  birds 
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that  had  not  seen  sunset  oriented  poorly  whereas  those  that  had  seen  sunset  oriented  well. 
This  discovery  raises  a  host  of  new  questions  for  further  investigation.  For  example,  might 
sunset  function  as  a  reference  for  calibration  of  other  cues?  And  if  so,  which  cues? 


Figure  10.  Beanngs  of  Cornell  pigeons  released  at  Castor  Hill  Fire  Tower  (143  km  NNE  of  the  loft). 

A:  Experienced  birds  new-to-site  customarily  depart  in  a  direction  60°  to  80°  clockwise  (westerly) 

from  home. 

B.  Birds  with  prior  releases  from  this  site  usually  continue  to  choose  beanngs  markedly  westerly  from 

the  home  direction. 

C:  First-fhght  youngsters  also  choose  westerly  bearings. 

D.  Even  under  total  overcast,  experienced  birds  new-to-site  depart  in  a  westerly  direction. 

E:  The  bearings  of  experienced  birds  new-to-site  are  nearly  identical,  whether  the  birds  are  wearing 
magnet  bars  (black  Symbols)  or  brass  bars  (open  Symbols). 

F:  Experienced  birds  new-to-site  choose  westerly  bearings,  whether  they  are  wearing  frosted-white 
contact  lenses  (black  Symbols)  or  clear  lenses  (open  Symbols). 

G:  The  bearings  of  experienced  birds  new-to-site  whose  beaks  and  noses  had  been  painted  with 
ö-pmene  in  vasoline  (black  Symbols)  did  not  differ  significantly  from  those  of  control  birds  treated 

with  plain  vasoline  (open  Symbols). 

H:  The  bearings  to  pigeons  brought  from  Schenectady,  New  York  (black  Symbols),  were  deflected 
clockwise  from  their  home  direction  (dotted  line)  in  a  manner  similar  to  the  deflection  of  the  bearings 
of  Cornell  birds  (open  Symbols)  from  the  direction  to  Ithaca  (dashed  line);  it  therefore  appears  that 
some  cue  basic  to  pigeon  navigation  is  rotated  clockwise  at  Castor  Hill,  and  that  pigeons  with 

different  destinations  read  the  cue  in  the  same  manner. 

I:  Although  pigeons  clock-shifted  6  hr  fast  choose  bearings  (black  Symbols)  that  are  more  nearly 
homeward  oriented  than  those  of  normal  pigeons  (open  Symbols),  their  homing  success  is  consider- 

ably  poorer. 
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Studies  of  Integration:  release-site  biases 

Many  investigators  have  noticed  that  each  release  site  used  for  homing  pigeons  can  be 
characterized  by  a  preferred  departure  direction  that  often  deviates  somewhat  from  the 
true  home  direction;  this  release-site  bias  may  be  only  a  few  degrees  to  the  left  or  right  of 
home,  or  at  some  locations  it  may  be  as  much  as  60-80  degrees  (Keeton,  1973). 
Curiously,  the  bias  is  usually  not  much  affected  by  the  previous  experience  of  the  birds 
(Fig.  10  A,  B,  C).  It  remains  on  overcast  days  (Fig.  10  D)  and  when  the  pigeons  are 
wearing  magnets  (Fig.  10  £),  hence  the  bias  is  probably  not  a  function  of  either  the  sun  or 
magnetic  compasses.  Tests  with  frosted  contact  lenses  indicate  the  bias  is  not  due  to  the 
birds’  visual  perception  of  the  surrounding  landscape  (Fig.  10  F).  The  preferred  direction  is 
not  altered  by  application  of  a-pinene  to  the  birds’  noses  (Fig.  10  G),  hence  it  seems 
unlikely  that  the  bias  has  anything  to  do  with  olfactory  position-determination  in  the 
manner  proposed  by  Papi  et  al.  (1972).  Pigeons  from  other  lofts  often  choose  bearings  at 
these  sites  that  are  comparably  deflected  from  their  own  home  directions  (Fig.  10  FI).  Bank 
Swallows  Riparia  riparia  show  similar  biases  at  these  sites,  so  the  biasing  factor  (or 
factors),  whatever  it  may  be,  is  apparently  not  unique  to  pigeons  (Keeton,  1973). 

The  hope  has  been  that  studies  of  release-site  biases  would  help  reveal  local  factors  that 
might  be  at  least  a  part  of  the  long-sought  navigational  map,  and  how  those  factors  are 
integrated  with  the  orientational  cues  already  known.  So  far,  unfortunately,  that  hope  has 
not  been  realized.  All  efforts  to  explain  the  biases  have  failed.  Nonetheless,  this  approach 
seems  worth  continued  effort. 


Concluding  comments 

From  the  above  account,  it  should  be  apparent  to  the  reader  that  avian  Orientation  and 
navigation  is  one  of  the  most  active  Felds  of  ornithological  research  today.  Our  whole  way 
of  thinking  about  the  subject  has  changed  radically  in  less  than  a  decade,  and  the  change 
continues  unslowed.  A  host  of  new  cues  are  being  discovered,  and  a  variety  of  ways  of 
examing  the  integration  of  cues  are  being  pursued.  New  information  is  being  learned  so 
fast  that  it  is  difficult  for  those  outside  this  Feld  to  keep  up  with  it.  Yet,  despite  all  the 
exciting  new  information  and  all  the  impressive  progress  that  has  been  made,  we  still 
cannot  put  together  all  the  known  elements  to  construct  orientational  and  navigational 
Systems  that  can  do  what  the  birds  themselves  can  do.  Clearly,  there  is  much  more  to  be 
learned.  The  search  for  the  solution  to  the  mystery  of  avian  Orientation  and  navigation 
must  go  on. 
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Introduction 

Shortly  after  he  became  Director  of  the  Edward  Grey  Institute,  Dr.  David  Lack  visited 
Dr.  H.  N.  Kluy\'er  in  Holland.  As  a  result  of  that  visit,  David  Lack  started  a  population 
study  of  the  Great  Tit  P arus  major  at  Oxford.  The  location  of  this  study  is  Wytham  Wood, 
about  5  km  west  of  the  Gity  of  Oxford.  The  wood  is  owned  by  the  University  and  is  about 
240  ha  in  extent.  The  study  started  in  1947  and  we  have  breeding  records  of  the  Great  Tits 
and  Blue  Tits  P .  caeruleus  in  the  woodland  ever  since  that  date,  this  being  the  32nd  year. 
Initially,  the  study  concentrated  on  a  small  section  of  the  wood,  Marley,  an  area  of  about 
27  ha.  Düring  the  period  1958-63  I  gradually  extended  the  study  area  until  almost  all  the 
wood  was  mcluded.  Since  about  1965  we  have  caught  many  of  the  breeding  males  and 
females  during  the  breeding  season.  About  half  of  the  breeding  birds  have  been  raised  in 
the  nest-boxes  in  previous  years,  so  that  we  possess  considerable  information  on  survival 
of  the  nesthngs.  Additional  Information  on  survival  has  been  obtained  by  trapping  birds  at 
other  times  of  year,  outside  the  nestmg  season. 


Figure  1.  The  numbers  of  breeding  pairs  of  Great  and  Blue  Tits  in  Marley  Wood,  Oxford 

1947-1978. 

The  number  of  breeding  pairs  of  both  Blue  and  Great  Tits  in  Marley  is  shown  in  Figure 
1.  From  this  it  can  be  seen  that  numbers  are  by  no  means  stable,  though  on  average  the 
populations  rarely  change  by  more  than  a  factor  of  two  between  years.  Two  main 
questions  can  be  asked  of  such  information  and,  although  they  are  sometimes  confused. 
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they  are  in  fact  quite  different  questions.  One  of  these  questions  is  “Why  does  the  number 
of  animals  fluctuate  around  the  levels  that  it  does?”  In  other  words,  why  are  there  usually 
between  20  and  40  pairs  of  Great  Tits  in  Marley  as  opposed  to  only  ten  or  more  than  one 
hundred.  The  other  question  is  “What  are  the  reasons  for  the  year  to  year  changes  in 
numbers?”  In  other  words,  what  is  it  about  each  individual  year  that  results  in  a  change  in 
numbers?  The  factors  producing  the  observed  level  are  likely  to  be  density  dependent, 
those  leading  to  changes  in  numbers,  especially  those  that  lead  to  deviations  from  the 
mean,  may  well  not  be,  though  they  may  contain  a  density  dependent  component. 

My  aim  in  this  paper  is  to  look  at  survival  of  individuals,  especially  young  birds,  within 
the  population  in  relation  to  the  year  to  year  changes.  In  Order  to  do  this,  it  is  necessary  to 
summarise  briefly  the  background  knowledge  of  the  main  events  in  the  annual  cycle.  This 
IS  done  in  Table  1.  Potentially  large  differences  in  survival  occur  at  a  number  of  different 
times  of  year  and  these  too  are  hsted  m  Table  1.  Any  of  these,  or  a  combination  of  them, 
could  produce  variations  large  enough  to  bring  about  the  observed  year  to  year  changes. 
Indeed,  at  one  time  or  another,  some  author  has  suggested  for  some  species  that  each  of  the 
features  hsted  in  Table  1  is  the  “key  factor”  responsible  for  population  regulation  of  birds. 
Some  of  the  main  behavioural  features  associated  with  the  regulation  of  Great  Tit 
populations  have  been  summarised  recently  by  Krebs  &  Perrins  (1978). 


Table  1 :  A  summary 

of  the  major  stages  of  the  annual  cycle  of  the 
Krebs  &  Perrins  1976) 

Great  Tit  in  Wytham  Woods  (from 

Time  of  year 

Stage  of  annual  cycle 

Possible  adjustments  of  numbers 

i 

Early  spring 
(Jan.  -  March) 

Territories  are  set  up 

Some  birds  are  unable  to  obtain 
territories,  and  therefore  do 
not  breed,  at  least  in  good 
habitats 

ii 

Late  spring 
(April  -  May) 

Breeding  season 

Clutches  Vary  considerably  in 
size,  fewer  eggs  being  laid  at 
high  density 

iii 

Early  summer 
(June  -  July) 

Young  birds  leave  the 
nest 

Within  two  weeks  they  are 
mostly  independent  of  their 
parents.  Aggression  between 
young  birds  is  common;  many 
young  birds  disappear 

iv 

Early  autumn 
(Sep.-Oct.) 

Resurgence  of  territorial 
behaviour 

Numbers  remaining  in  an  area 
may  be  adjusted.  However, 
many  young  birds  are  not 
apparently  involved,  at  least 
in  English  populations 

V 

Late  autumn 
(Nov.) 

Winter  population  more 
or  less  stabilized 

A  very  variable  proportion  of 
the  summer’s  young  are  still 
in  the  population  at  this  stage 

vi 

Winter 

(Dec.-Jan.) 

Shortest  days  for  feeding. 

Birds  moving  around  in 
mixed  flocks.  Some 

Some  mortality,  but  usually  less 
than  that  preceding  stage  v 

territorial  behaviour  in 
mild  weather 
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There  are,  I  believe,  two  main  problems  about  the  Great  Tit  populations  that  have  not 
been  adequately  explained.  Firstly,  we  need  to  understand  more  fully  the  role  of  territorial 
behaviour  with  respect  to  population  regulation.  Secondly,  we  find  that  the  post-fledging 
survival  of  the  young  is  very  variable  and  we  cannot  explain  why  this  should  be  so.  As  we 
shall  see,  the  two  features,  territorial  behaviour  and  survival  of  the  young,  may  be  closely 
related. 

The  main  features  of  the  annual  cycle  of  the  Great  Tit  are  described  below. 

Territory  holders  take  up  their  territories 

The  number  of  breeding  pairs  which  occupy  territories  at  the  beginning  of  the  year 
varies  markedly.  Inasmuch  as  these  birds  occupy  the  whole  of  the  wood  (there  is  little  or 
no  space  between  the  territories),  it  could  be  said  that  the  territorial  requirements  of  the 
individual  birds  affect  the  level  of  the  breeding  population.  Such  a  Suggestion  is  supported 
by  the  observation  of  Krebs  (1971)  who,  by  removing  territory-holders  and  observing  the 
territories  being  filled  up  again,  showed  that  there  were  “surplus”  or  floating  birds  which 
were  prevented  from  obtaining  territories. 

In  fact  not  all  the  “surplus”  birds  are  without  territories;  Krebs  showed  that,  when  he 
removed  woodland  territory  holders,  some  of  the  replacements  came  from  surrounding 
hedgerows  where  they  too  had  held  territories.  One  has  to  conclude  that  these  birds 
preferred  the  woodland  and  were  prepared  to  move  quickly  into  it  (often  within  24  hours). 
Further,  it  seems  that  there  may  not  always  be  large  numbers  of  surplus  birds  alive  in 
spring  since  the  hedgerow  territories  were  not  re-filled  (Krebs,  1971).  However,  in  other 
years  continued  removal  experiments  yielded  replacements  (Krebs,  1977).  These  removal 
experiments  were  conducted  in  March;  removals  later  in  the  season,  in  May,  resulted  in  no 
replacements  (Webber,  1975). 

There  are  two  unresolved  problems  related  to  these  observations  on  territories.  Firstly, 
as  can  be  deduced  from  Figure  1,  the  size  of  territories  varies  markedly  between  years. 
Usually  the  wood  seems  to  be  completely  filled  by  territory-holding  birds  and  even  at 
quite  low  densities  (i.e.  large  territories)  there  seem  to  be  birds  that  cannot  obtain  a 
territory.  We  do  not  know  what  proportion  of  the  birds  are  unable  to  obtain  woodland 
territories  but,  somehow  or  other,  the  territory  holders  “decide”  to  hold  territories  of 
different  size  in  different  years.  Flence  it  is  not  clear  how  territorial  behaviour  and 
population  density  are  linked. 

The  second  problem  may  be  simply  the  reverse  of  the  first.  As  I  shall  discuss  below,  the 
number  of  breeding  birds  (and  hence,  again,  the  territory  size)  can  be  forecast,  with  some 
degree  of  accuracy,  from  the  juvenileiadult  ratio  the  previous  autumn,  high  juvenile 
survival  leading  to  high  populations,  low  juvenile  survival  to  low  populations  (Perrins, 
1965).  Hence  the  size  of  the  territories  in  spring  appears  to  be  determined  by  the  size  of  the 
population  the  previous  autumn.  This  is  not  to  say  that  all  birds  can  obtain  a  territory;  it  is 
possible  that  the  higher  the  population,  the  greater  the  proportion  which  fail  to  obtain  a 
territory.  This  argument  is  along  the  lines  of  the  “rubber  discs”  first  proposed  by  Huxley 
(1934)  and  would  seem  reasonable,  but  has  not  been  demonstrated  in  the  tits  except 
perhaps  in  the  sense  that  Kluyver  &  Tinbergen  (1953)  showed  a  buffer  effect.  However, 
in  broad  outline  it  seems  that  the  number  of  young  birds  which  survive  to  autumn  (i.e.  the 
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size  of  the  population)  is  what,  at  least  in  pari,  reguläres  the  size  of  the  territories  and  we 
do  not  know  what  effect  the  territories  have  on  the  size  of  the  population. 

The  history  of  the  territories  from  year  to  year  needs  more  study.  On  average,  half  the 
territory-holders  survive  from  one  year  to  the  next  and  breed  dose  to  where  they  bred 
before  (Bulmer  &  Perrins,  1973;  Greenwood,  Harvey  &  Perrins,  in  prep.).  Hence,  if 
they  maintained  the  same  territories  exactly,  half  the  wood  would  be  available  for 
subdivision  between  the  new  breeders.  The  way  in  which  the  estabhshed  breeders  and  the 
new  breeders  subdivide  this  area  has  not  been  studied  in  sufficient  detail.  Hence  we  still  do 
not  know  to  what  extent  territorial  behaviour  limits  the  population. 

In  addition  we  still  do  not  understand  the  advantage  to  the  individual  of  having  a 
territory.  One  result  of  territorial  spacing  may  be  to  minimise  the  dangers  from  predation 
(Gibb,  1956)  since  the  greater  the  distance  between  nests,  the  greater  the  chance  of  raismg 
young  (Krebs,  1970).  In  the  case  of  our  Wytham  study,  both  Great  Tits  and  Blue  Tits  nest 
m  large  numbers  in  the  nest  boxes  and  the  spacing  of  one  species  in  isolation  from  the  other 
would  not  be  very  effective.  Dünn  (1977)  has  shown  that  the  density  (and  hence  the 
spacing)  of  the  two  species  combined  affects  the  predation  rate.  Gurrently  we  are  studymg 
the  spacing  of  the  two  species  and  there  is  some  preliminary  evidence  that  the  spacing  of 
the  two  species  is  not  independent  of  one  another. 

Breeding  output 

The  breeding  biology  of  the  Great  Tit  has  been  studied  in  considerable  detail.  Variations 
in  both  clutch  size  and  breeding  success  lead  to  large  fluctuations  in  the  numbers  of  young 
fledged  per  year. 

In  Wytham  the  mean  clutch-size  of  the  Great  Tits  has  varied  between  7.8  eggs  (in  1951) 
and  12.3  (in  1948).  The  number  of  young  produced  has  varied  accordingly.  The  brood-size 
varies  for  a  number  of  reasons.  The  adaptive  nature  of  the  clutch-size  has  been  discussed  in 
detail  elsewhere  (Perrins,  1965;  Perrins  &  Moss,  1975).  The  success  of  the  brood  is 
related  to  the  number  of  young  in  the  brood,  the  age  of  the  female,  the  habitat  in  which  the 
territory  is  and,  particularly  important,  the  time  at  which  the  clutch  hatches.  All  these 
features  of  any  given  nest  reflect  the  amount  of  food  each  young  bird  will  receive  and  hence 
its  weight  at  fledging.  The  weight  of  a  chick  at  fledging  has  a  considerable  effect  on  its 
chances  of  survival  (Perrins,  1965). 

More  recently,  it  has  become  clear  that  there  is  at  least  one  other  factor  which  influences 
the  weight  of  the  young  and  this  is  the  “ability”  of  the  female.  In  another  current  study  we 
are  giving,  artificially,  broods  of  the  same  size  to  females  which  lay  clutches  of  different 
size.  The  tentative  conclusion  is  that  the  females  which  lay  the  larger  clutches  raise  young 
which  are  heavier  at  fledging  than  those  females  which  lay  a  smaller  clutch  (Perrins,  in 
prep.).  In  other  words,  the  females  which  lay  the  larger  clutches  are  better  able  to  raise 
young  than  the  females  which  lay  the  smaller  clutches.  Hence  females  make  a  correct 
“judgement”  about  the  circumstances  in  which  they  are  breeding  by  laying  a  clutch  which 
can  be  correlated  with  the  amount  of  food  that  they  can  bring  to  their  young.  Whether  the 
“ability”  of  the  female  to  raise  young  relates  to  her  own  physical  quality,  to  the  quality  of 
the  male  (as  shown  for  example  by  Nisbet,  1973,  1977),  or  to  some  micro-habitat  feature 
of  the  immediate  surroundings  of  her  nest  is  not  known.  Whichever  is  true,  the  female 
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must  be  able  to  recognise,  and  respond  to,  the  necessary  features.  If  the  current  tentative 
findings  are  upheld  by  further  results,  the  correlation  between  the  individual  female’s 
abihty  and  her  clutch-size  is  a  factor  which  must  be  taken  into  account  in  analyses  of 
Optimum  clutch-size. 

Although  the  weight  at  fledging  strongly  affects  the  survival  rate  of  a  young  Great  Tit, 
the  date  at  which  it  hatches  is  extremely  important  also.  The  earher  the  young  are  raised, 
the  greater  their  chances  of  survival.  Although  the  weight  of  fledglmgs  usually  declines  as 
the  season  progresses,  the  effect  of  date  seems  to  be  important  in  its  own  right.  Comparing 
chicks  of  equal  weight,  survival  is  higher  for  those  which  hatch  earlier.  In  some  cold 
springs,  early-hatched  young  have  fledged  at  lighter  weights  than  later  ones  (because  of 
low  temperatures,  the  female  had  to  spend  more  time  brooding  the  young  and  so  only  one 
parent,  the  male,  could  feed  them);  nevertheless  the  subsequent  survival  of  the  early  young 
was  greater  than  that  of  the  later  ones.  The  earlier  broods  are  so  much  more  successful  than 
later  ones  that  one  wonders  why  all  the  birds  do  not  breed  earlier  (Perrins,  1970).  One  of 
the  more  mteresting  findings  is  that  the  laying  date  of  an  individual  is  related  to  its  body 
size  (Jones,  1973;  Garnett,  1976),  the  smaller  birds  breeding  earlier  (Fig.  2).  Hence,  for 
this  feature  of  the  life  cycle,  selection  favours  smaller  individuals.  I  shall  return  to  the  size 
of  individuals  later. 


Winter  weight  (g) 


Figure  2.  Relationship  between  the  winter 
weight  of  female  Great  Tits  and  their  date  of 
laying  with  respect  to  the  population  mean. 
Y  =  1.65  (X)-  30.96 
r  =  0.368 
n  =  130 

p  <  0.001 

Filled  circles  -  data  from  Jones  (1973) 
Open  circles  -  data  from  Garnett  (1976) 


The  number  of  young  raised  is  not  only  related  to  variations  in  clutch-size;  the 
Proportion  of  successful  nests  also  varies  considerably.  The  main  reason  for  this  is  a  highly 
variable  predation  rate.  Predation  of  eggs  or  young  is  mainly  by  weasels,  Mustela  nivalis, 
and  the  Situation  has  been  described  by  Dünn  (1977).  The  number  of  nests  lost  to  weasels 
is,  as  discussed  above,  partly  a  response  to  the  density  of  the  tits,  but  also  partly  a  response 
to  the  density  of  small  mammals  which  are  apparently  the  weasels’  preferred  prey. 

In  Gontinental  Europe  there  is  a  further  factor  that  affects  the  productivity.  In  contrast 
to  those  in  deciduous  woodland  in  Britain,  many  Gontinental  Great  Tits  have  second 
broods;  more  than  30%  of  the  pairs  raise  second  broods  in  deciduous  woodland  in  some 
years.  Amongst  other  factors  affecting  the  probability  of  having  second  broods,  there  is  a 
strong  inverse  correlation  with  breeding  density  (Kluyver,  1951).  One  result  of  this  is  that 
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on  the  Continent  more  young  are  raised  per  pair  than  is  the  case  in  Britain.  As  a 
consequence,  and  because  adult  mortality  is  similar  in  the  two  areas,  juvenile  mortality 
must  be  correspondingly  higher  on  the  Continent  than  in  Britain.  One  is  tempted  to 
speculate  that  competition  between  different  individual  young  must  either  be  more  intense 
on  the  Continent  than  in  Britain  or  occur  at  additional  periods  of  the  year. 


Table  2:  Effects  of  density  dependent  Variation  in  clutch-size  on  subsequent  population  change 


Population  in  year  1  (pairs) 

c/s 

No.  eggs  +  adults 

No.  surviving"' 

Total 

%  change 

10 

11 

110  +  20 

11  +  10 

21 

+  5  % 

80 

8 

640  +  160 

64  +  80 

144 

-  10  % 

=■■  Table  assumes  all  features  of  the  population  are  constant  except  clutch-size.  Survival  rate  of  eggs 
to  breeding  birds  is  taken  as  10  %,  that  of  breeding  birds  as  50  %;  both  figures  are  dose  to  the 
average  observed. 


Although  the  number  of  young  raised  (measured  either  as  the  number  raised  per  hectare 
or  as  the  number  raised  per  pair)  may  thus  vary  quite  markedly,  production  does  not  relate 
m  any  obvious  way  to  the  changes  m  breeding  numbers  between  any  two  years,  i.e.  no 
correlation  has  been  shown  between  productivity  m  one  year  and  changes  in  breeding 
numbers  in  the  following  year.  As  a  result  of  this,  it  has  been  suggested  that  the  variations 
in  breeding  output  between  years  could  not  have  a  regulatory  effect  on  the  population 
(Lack,  1966).  Such  large  year  to  year  variations  in  post-fledging  survival  occur  that  they 
tend  to  swamp  the  smaller  changes  that  precede  them.  In  particular,  although  at  least  three 
of  the  factors  affecting  reproductive  output  are  density  dependent  (clutch-size,  proportion 
of  second  broods  and  predation)  the  lowered  reproductive  output  as  the  breeding 
population  increases  does  not  compensate  for  the  increase  in  population  with  the  result 
that  there  are  more  tits  raised  per  hectare  at  times  of  high  density  than  at  times  of  low 
density.  Nevertheless,  Krebs  (1970)  showed  that  changes  in  breeding  output  can  have  a 
regulatory  effect.  This  can  come  about  because  of  the  differences  between  the  survival  rates 
of  adults  and  young  birds.  Table  2  shows  the  population  change  resulting  from  variations 
in  clutch-size  alone;  all  other  features  are  constant.  In  the  case  of  the  higher  population, 
too  few  young  survive  to  replace  the  adults  which  die  and  so  the  population  declines.  In 
the  lower  populations  more  young  survive  than  adults  die  so  that  the  population  increases. 

Hence  the  observed  changes  in  clutch-size  can  have  a  regulatory  effect  on  the 
population. 


Post-fledging  survival 

We  have  been  able  to  establish  relationships  between  features  of  the  nesting  period  and 
subsequent  survival  by  extensively  trapping  the  birds  during  the  winter.  Great  Variation  in 
survival  between  leaving  the  nest  and  reaching  the  winter  is  found  in  most  study  areas.  In 
Wytham,  as  many  as  2.0  young/old  bird  and  as  few  as  0.16  young/old  bird  have  been 
found  alive  by  the  late  autumn  -  a  greater  than  10-fold  difference.  The  differential  in 
survival  is  important  since  the  proportion  of  young  reaching  the  autumn  appears  to  be  the 
best  indicator  of  year  to  year  changes  in  breeding  numbers  (Perrins,  1965).  This  is  the 
“key  factor”  in  the  annual  changes  in  the  Great  Tit. 
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One  of  the  gaps  in  our  study  is  that  we  have  not  been  able  to  follow  the  young  in  detail 
through  the  few  months  after  fledging  when  these  large  changes  are  taking  place.  At  this 
time  they  stay  in  the  tree-tops  and  are  not  easily  caught.  However,  Webber  (1975) 
succeeded  in  establishing  a  certain  amount  about  the  birds  during  this  important  period  of 
their  lives.  In  particular,  he  showed  that  many  of  the  juveniles  caught  within  two  to  three 
weeks  of  leaving  the  nest  had  lost  weight;  some  of  them  were  considerably  lighter  than 
they  were  when  they  left  the  nest.  He  was  not  able  to  show  that  fledging  weights  affected 
survival  during  this  time,  but  his  findings  Support  the  Suggestion  that  this  may  be  a  difficult 
time  for  the  young  birds. 

In  spite  of  the  lack  of  knowledge  during  this  period,  it  is  clear  that  the  majority  of  the 
young  birds  have  “disappeared”  by  the  end  of  the  autumn  (October /November);  normally 
the  juvenile:adult  ratios  of  birds  trapped  through  the  winter  show  little  change  after  this 
date.  The  reasons  for  the  variable  and  sometimes  very  high  post-fledging  disappearance  are 
not  fully  understood,  but  two  main  suggestions  have  been  made.  Firstly,  Kluyver  (1951) 
suggested  that  most  of  the  birds  that  disappeared  during  this  period  had  in  fact  emigrated 
rather  than  died  and  that  they  did  this  late,  in  early  autumn,  in  response  to  social  pressures 
arising  from  the  autumn  resurgence  of  territorial  behaviour  shown  by  the  adult  birds. 

There  are  obvious  problems  associated  with  attributing  the  disappearance  of  birds  to 
emigration  (since  most  tit  populations  seem  to  have  synchronous  changes  in  numbers,  the 
emigrants  cannot  be  contributing  to  other  populations;  at  best  they  must  be  emigrating  to 
marginal  habitats  for  the  species  and  dying  there).  More  recently  Kluyver  (1971) 
produced  some  very  important  experimental  work  to  show  that  the  chances  of  a  young 
bird  settling  in  a  given  area  are  related  to  the  number  of  other  young  that  have  already 
settled  there.  Kluyver’s  results  clearly  demonstrate  some  form  of  interaction  between  the 
young  of  early  and  late  broods,  with  the  advantage  going  to  the  formet.  They  do  not 
demonstrate  the  mechanism  of  the  interaction,  neither  do  they  indicate  the  precise  time  at 
which  it  occurs. 


Figure  3.  Relationship  between  recapture  rate 
and  fifteenth  day  weight  when  all  years 
combined  (from  Moss,  1972). 
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Table  3:  Proportion  of  vanance  in  fledging  weight  explained  by  weights  of  body  components  (from 

Garnett  1976) 


(1)  Lean  dry  carcass  weight 

(2)  (1)  +  Lean  dry  weight  of  pectoral  muscle 

(3)  (1)  +  (2)  +  Total  fat 


57.9% 

80.5% 

89.2% 


I  proposed  a  different  explanation  for  the  variable  disappearance  of  the  young  during  the 
late  Summer  period  (Perrins,  1965).  My  Suggestion  was  that  the  newly  fledged  young 
encounter  variable  conditions  for  collectmg  food  during  the  very  difficult  period  when 
they  are  learnmg  to  feed  for  themselves.  I  noticed  that  there  was  a  close  correlation 
between  fledging  weight  and  survival  in  Wytham  (Fig.  3).  I  suggested  that  the  heavier  birds 
were  carrymg  greater  fat  reserves  and  that  the  greater  the  fat  reserves  the  greater  the  chance 
that  a  young  bird  would  survive  the  difficult  period  just  after  fledging  when  it  was  learnmg 
to  find  food  for  itself.  In  two  years  I  colour-ringed  the  young  birds  by  their  weight  dass 
and  found  that,  within  a  month  of  fledging,  there  was  already  a  difference  between  the 
weight  classes:  more  of  the  light  than  of  the  heavy  birds  had  disappeared. 


Figure  4.  Regression  of  lean  dry  carcass  weight 
on  lean  dry  pectoral  muscle  weight. 

Y  =  6.74  (X)  -  2.02 
r  =  0.677 

p  <  0.001 

(from  Garnett,  1976) 


In  a  more  recent  study.  Garnett  (1976)  has  examined  certain  aspects  of  the  body-size  of 
young  Great  Tits.  He  showed  that  fat  does  not  contribute  greatly  to  the  weight  differences 
between  young  (Table  3).  Gompared  with  lighter  young,  the  heavier  young  tend  to  have 
longer  tarsi,  larger  pectoral  muscles  and  a  higher  lean  dry  weight  (Fig.  4)  but  only  slightly 
more  fat;  they  are  “larger”  birds  (Table  3).  Further,  there  is  a  strong  correlation  between 
the  fledging  weight  and  the  winter  weight,  and  between  the  tarsus  length  at  fledging  and 
the  tarsus  length  in  winter  (Fig.  5),  showing  that  birds  which  are  larger  at  fledging  remain 
larger  for  life.  (Although  there  is  a  tendency  for  males  to  be  larger  than  females,  this 
correlation  is  true  within  each  sex.)  Garnett  was  also  able  to  show  that,  as  one  might 
expect,  body-size  included  both  heritable  and  environmental  components.  Garnett  went 
on  to  examine  the  behaviour  of  newly  fledged  Great  Tits;  he  studied,  in  the  aviary,  small 
parties  of  birds  made  up  of  individuals  of  different  weight.  Within  a  week  of  fledging, 
aggression  was  apparent,  with  the  heavier  birds  dominating  the  lighter  ones. 

Many  questions  remain  to  be  answered  about  the  survival  of  young  birds  in  the  summer, 
but  a  pattem  does  begin  to  emerge.  The  young  which  are  better  nourished  while  they  are  in 
the  nest  leave  the  nest  larger  than  those  which  are  less  well  nourished.  In  later  interactions 
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Figure  5.  Relationship  between  (a)  Nestling  weight  and  weight  when  recaptured  in  winter  (Y  =  0.937 
(X)  +  1.51;  r  =  0.715;  p  <  0.001)  and  (b)  Nestling  tarsus  length  and  tarsus  length  when  recaptured  in 
Winter  (Y  =  0.983  (X)  +  0.151;  r  =  0.917;  p  <  0.001)  (from  Garnett,  1976). 


the  former  dominate  the  latter  who  either  leave  or,  more  probably,  die.  In  the  same  way, 
birds  raised  earlier  in  the  season  are  at  an  advantage  over  young  raised  late  in  the  season. 

We  still  do  not  know  when  most  of  the  losses  take  place.  Webber  (1975)  analysed  the 
Wytham  data  in  an  attempt  to  discover  a  critical  period  in  the  summer  when  the  young 
died.  He  showed  that  there  was  a  decline  in  the  number  of  juveniles  in  the  population 
throughout  the  period  from  fledging  in  June  to  October  (Fig.  6).  Although  as  many  as 
60%  of  the  young  might  die  during  the  period  prior  to  August,  there  was  no  clear  evidence 
in  favour  of  either  my  Suggestion  of  theat  of  Kluyver;  there  was  no  obvious  time  of 
exceptionally  high  mortality.  Such  a  view  is  supported  by  recent  analyses  of  British  ringing 
data  for  the  Blue  Tit,  where  again  there  is  no  month  during  which  mortality  is  strikingly 
higher  than  in  others  (Perrins,  in  prep.).  In  both  species  winter  mortality  of  juveniles 
appears  to  be  no  higher  than  that  for  adults,  at  least  after  about  November  or  December, 
confirming  the  view  that  juveniles  survive  as  well  as  adults  after  this  date.  The  slight  dip  in 
the  line  in  Figure  6  between  March  and  the  breeding  season  is  probably  explained  by  the 
fact  that  a  small  proportion  of  the  first  year  males  fail  to  find  a  mate  because  of  an 
unbalanced  sex  ratio  (Bulmer  &  Perrins,  1973);  the  breeding  season  sample  is  based 
wholly  on  breeding  birds  and  hence  non-breeding  males  are  not  sampled. 

I  want  now  to  discuss  what  I  regard  as  the  major  puzzle  about  population  changes  in  the 
Great  Tit,  namely  the  Variation  in  survival  of  the  young. 

Firstly,  as  I  have  shown,  we  know  several  factors  which  affect  the  individual’s  chances  of 
survival  after  it  has  left  the  nest.  In  a  Statistical  sense,  we  can  rank  them  by  their  weight  at 
fledging.  Such  a  ranking  can  be  made  with  a  high  probability  of  success  since  heavier 
young  are  more  likely  to  survive  than  lighter  ones.  However,  while  we  can  fairly 
accurately  predict  which  individual  fledglings  are  more  likely  to  survive  than  others,  we 
cannot  at  present  predict  what  proportion  of  the  fledglings  will  survive;  it  may  be  many  or 
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it  may  be  few.  Since  the  number  which  survive  is  so  variable  and  has  such  an  important 
effect  on  the  annual  changes  in  numbers,  this  is  an  important  omission.  In  addition,  there 
is  an  implication  which  has  not  been  fully  examined.  In  an  earher  paper,  I  showed  that  in 
years  when  very  large  numbers  of  the  young  survived,  this  was  because  an  unusually  high 
Proportion  of  the  lighter  young  survived.  In  view  of  Garnett’s  findings  it  seems  likely  that 
in  these  very  favourable  years  it  is  not  birds  with  low  fat  reserv^es  that  survive  but  rather 
birds  with  small  body-size. 


Figure  6.  Proportion  of  the  resident  population  (Wytham-born  young  +  breeding  birds)  made  up  of 
Wytham-born  young.  Data  are  plotted  against  month  and  are  averaged  over  the  years  1961-74.  The 
first  three  points  are  not  spaced  at  equal  intervals  so  that  the  slopes  of  the  lines  cannot  be  relied  upon 

for  comparisons  of  mortality  (from  Webber,  1975). 


We  have  only  one  clue  to  the  factors  associated  with  the  variable  survival.  There  is  a 
strong  correlation  between  the  proportion  of  the  young  which  survive  and  the  size  of  the 
beech  crop  {Fagus  sylvatica)  in  the  autumn  of  that  year  (Perrins,  1966).  Plainly,  the  beech 
crop  is  a  very  important  food  source  for  the  tits  during  the  winter;  they  may  feed  on  it 
almost  exclusively  throughout  the  winter.  However,  for  a  variety  of  reasons  it  seems 
unlikely  that  the  relationship  is  a  simple,  direct  one.  The  most  important  of  these  reasons  is 
that  the  birds  do  not  feed  on  the  beech  crop  in  any  numbers  until  November  or  December, 
by  which  time  the  major  mortality  of  the  young  has  occurred  in  most  years.  Hence  the 
mortality  of  the  young  tits  appears  to  “predict”  the  winter  seed  crop,  being  high  when  seed 
crops  will  be  low  and  vice  versa. 

At  present  we  have  no  understanding  of  how  this  association  comes  about,  but  there  are 
a  number  of  known  correlations  with  the  beech  crop  which  shows  that  a  biological 
Connection  between  features  which  occur  earlier  in  the  year  and  the  beech  crop  is  possible. 
For  example  most  forest  trees  which  fruit  irregularly  tend  to  crop  synchronously 
(Matthews,  1963);  some  of  these  ripen  earlier  in  the  year.  Even  those  species  which  crop 
annually  tend  to  have  heavier  crops  in  the  years  when  the  trees  which  crop  irregularly  have 
their  crop  (Hyde,  1967).  Trees  put  on  less  wood  in  years  when  they  are  producing  fruits 
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(Rohmeder,  1967;  Harper,  1977)  and,  in  addition,  the  levels  of  at  least  nitrogen, 
potassium  and  starch  in  trees  tend  to  vary  with  whether  or  not  they  are  producing  seeds, 
being  low  in  years  of  seed  production  (Harper,  1977).  What  effect,  if  any,  this  has  on 
most  insect  populations  is  not  known,  but  the  sycamore  aphid,  Drepanosiphon 

platanoides,  is  affected  by  the  quality  of  the  leaves  of  the  sycamore,  Acer  pseudoplatanus 
(Dixon,  1970). 

Hence,  considering  the  lack  of  knowledge  in  this  field,  there  is  a  very  real  possibility  that 
there  is  some  feature  of  the  environment  which  directly  influences  the  survival  of  the 

young  tits  just  after  fledging  and  which  is  correlated  with  years  of  good  seed  crops  which 
occur  later  in  the  year. 

Emigration/Immigration 

There  is  little  evidence  as  to  whether  or  not  the  movement  of  birds  can  be  related  to  the 
changes  in  numbers.  Webber  (1975)  was  unable  to  show  that  emigration  was  density 
dependent.  In  any  case  it  seems  to  be  less  frequent  than  in  Continental  studies  and  less 
related  to  fledging  date.  Similarly  Webber  showed  that  immigration  seemed  to  be  at  a  fairly 
constant  rate  and  not  related  to  the  number  of  birds  in  Wytham. 

We  do  not  know  the  origins  of  the  immigrant  birds  and,  since  about  half  of  the  Great 
Tits  which  breed  in  our  study  area  were  themselves  raised  in  the  nest  boxes,  this  amounts 
to  half  our  breeding  population.  However,  we  have  recently  acquired  one  piece  of  indirect 
evidence  about  the  immigrants.  We  have  measured  the  dispersal  distance  (between 
birth-place  and  breeding  place)  of  mal  es  whose  fathers  were  also  born  in  the  wood.  There 
is  a  correlation  between  the  distance  moved  by  a  father  and  his  son  (Greenwood,  Harvey 
&  Perrins,  1979).  One  might  expect  that  immigrants  would  have  a  greater  dispersal 
distance  than  residents  and  that  their  offspring  would  inherit  such  a  tendency  to  have 
similar  dispersal  distances.  However,  the  dispersal  distance  for  the  sons  of  immigrant 
fathers  is  the  same  as  that  for  sons  of  Wytham-born  fathers.  Although  the  measurement  is 
biassed  (since  birds  dispersing  long  distances  are  not  encountered)  we  believe  this  analysis 
shows  that  the  immigrants  to  our  breeding  population  are  of  the  same  local  populations 
and  so  must  come  from  hedges  and  woods  dose  by. 

The  Situation  in  Britain  may  be  different  from  that  on  the  Continent.  There  are  two 
reasons  for  this  Suggestion.  Firstly,  most  Dutch  birds  that  have  been  shown  to  emigrate 
were  reared  in  late  broods,  mostly  second  broods,  and  as  we  have  seen,  such  broods  are 
rare  in  Britain.  Secondly,  compared  with  data  in  Kluyver  (1971)  there  is  a  significantly 
lower  number  of  Wytham  recoveries  over  25  km  from  their  birth-place  (20  out  of  1,369  in 
Holland,  7  out  of  2,028  for  Wytham;  =  11.7,  p  <  0.001). 

Emigration  may  be  more  common  in  Continental  populations  than  in  British  ones,  but  I 
find  it  hard  to  believe  that,  in  the  latter  at  least,  it  has  a  marked  effect  on  the  population. 
This  IS  partly  because  of  the  synchrony  that  is  observed  between  changes  in  numbers  in 
different  populations  and  partly  because  of  Webber’s  finding  that  Immigration  into 
Wytham  is  independent  of  the  Wytham  population  density. 

Winter  survival 

At  first  sight,  one  might  imagine  that  the  vagaries  of  the  winter  weather  would  have  a 
major  influence  on  the  survival  rates  of  a  small  bird  such  as  a  Great  Tit.  Indeed,  in  Finland, 
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there  is  a  good  correlation  between  breeding  numbers  and  winter  temperatures  (Von 
Haartman  1973).  However,  in  Wytham  the  winter  is  less  severe  than  in  Finland  and  the 
weather  seems  to  exert  a  less  powerful  influence  on  survival. 

It  remains  slightly  surprising  to  me  that  we  cannot  show  a  correlation  between  winter 
survival  of  adults  and  the  weather  as  was  shown  by  Von  Haartman.  Düring  the  period  of 
our  study,  there  was  one  extremely  severe  winter  (1962-63)  with  snow  cover  for  about  10 
weeks  and  very  unusually  cold  weather.  The  adult  survival  rate  from  the  breeding  season 
of  1962  to  that  in  1963  was  over  60  %,  an  unusually  high  figure.  The  reason  for  such  good 
survival  in  such  extreme  conditions  appears  to  result  from  the  good  beech  crop  which 
coincided  with  the  hard  weather.  Another  very  hard  winter  preceded  the  Start  of  the  study 
when  only  7  pairs  bred  (as  opposed  to  a  normal  20-30).  In  this  year  there  was  no  beech 
crop  and  hence  one  is  tempted  to  suggest  that  a  hard  winter  does  result  m  high  mortality, 
but  only  if  food  is  scarce. 

There  is  one  further  problem  relating  to  the  survival  during  the  hard  winter  of  1962-63. 
In  the  autumn  of  1962,  there  were  very  large  numbers  of  juvenile  Ureat  Tits  m  the  wood. 
We  anticipated  a  great  increase  m  the  breeding  population  the  following  year.  This  did  not 
happen  and  yet,  as  we  have  seen,  adult  survival  was  not  unusually  low.  It  therefore  seems 
likely  that  the  juveniles,  but  not  the  adults,  suffered  an  unusually  high  mortality  during 
that  winter.  Differential  survival  between  adults  and  juveniles  after  about  December  seems 
unusual,  again  suggesting  that  winter  weather  is  not  normally  a  factor  which  has  an 
important  effect  on  winter  survival. 

There  is  a  weak  correlation  between  the  annual  survival  of  breeding  females  and  the 
survival  of  the  young  birds,  suggesting  that  adults  and  juveniles  do  show  parallel  changes 
in  survival  (Webber,  1975).  It  seems  most  likely  that  this  correlation  arises  from  the 
slightly  higher  survival  of  adults  in  winter  with  beech  crops  than  in  winters  without  crops. 

Discussion 


Population  regulation 

One  of  the  difficulties  of  working  with  the  Great  Tit  populations  is  that  they  show  large 
year  to  year  variations.  These,  at  least  when  they  move  the  population  away  from  its 
average  level,  are  presumably  density  independent;  most  of  the  large  increases  are  associated, 
in  some  way,  with  the  beech  crops.  Any  attempt  to  demonstrate  density  dependent 
features  of  the  annual  cycle  (which  presumably  exist,  but  may  be  quite  small)  is  almost 
certain  to  be  unsuccessful  against  a  background  of  such  large  presumably  density 
independent  Variation. 

In  some  ways  the  Great  and  Blue  Tit  are  atypical  of  the  Paridae,  at  least  of  the  other 
members  which  have  been  studied  in  any  detail.  These  two  species  in  deciduous  woodland 
have  territories  of  about  one  hectare;  in  years  of  high  density  territories  may  be  only  a  half 
or  even  a  third  of  a  hectare.  Most  other  species  hold  much  larger  areas.  The  Marsh  Tit 
Parus  palustris,  Goal  Tit  P.  ater  and  Black-capped  Chickadee  P.  atncapillus  in  their  most 
favoured  habitats  have  territories  of  between  4  and  6  hectares,  while  territories  of  the 
Willow  Tit  P.  montanus  and  the  Grested  Tit  P.  cristatus  are  larger. 

In  at  least  some  of  these  species  the  autumn  territories  have  a  more  obvious  possible 
value  than  in  the  Great  and  Blue  Tit.  Many  of  these  other  tits  live  almost  exclusively  in 
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their  territories  throughout  the  year.  In  these  tits,  but  not  the  Blue  or  Great  Tit,  the  birds 
Store  much  food  during  the  late  Stimmer  and  autumn  (Haftorn  1953  et  seq.,  1960)  and 
take  much  of  this  agam  later  in  the  wmter.  The  survival  value  of  a  wmter  territory  —  and 
hence  of  autumn  territorial  behaviour  —  is  more  obvious  in  such  species.  In  some,  the 
wmter  territory  is  defended  by  more  than  a  single  pair,  though  the  group  is  usually 
reduced  to  two  by  late  wmter,  apparently  by  death  (Ekman,  in  prep.).  Surplus  birds  are 
either  few  or  have  very  low  survival  rates  smce  replacements  after  spring  removal  may  not 
occur.  Indeed  by  spring  in  northern  populations,  unmated  males  and  vacant  territories 
testify  that  there  are  no  surplus  birds. 

The  annual  cycle  of  the  Great  Tit,  depicted  m  Table  1,  is  similar  to  that  for  a  great 
number  of  temperate  species,  both  passerine  and  non-passerine.  Although  many  of  these 
species  mamtain  more  stable  numbers  than  is  the  case  with  Great  Tits,  there  is  httle  reason 
to  suppose  that  the  basic  pattem  of  the  factors  controlIing  their  hfe  cycle  is  very  different. 

One  well-studied  species  is  the  Red  Grouse  Lagopus  lagopus.  This  bird  has  an  annual 
cycle  basically  similar  to  that  of  the  Great  Tit.  It  has  annual  changes  in  numbers  in  which, 
agam  hke  the  Great  Tit,  numbers  of  breeding  pairs  tend  to  be  high  (i.e.  territories  small) 
after  high  survival  of  the  juveniles  in  the  previous  year  (Watson  &  Moss,  1972).  Work  on 
this  species  has  shown  a  number  of  inter-acting  correlations  around  the  year,  with  varying 
food  quahty  being  implicated  as  one  of  the  factors  resulting  in  population  changes  (Moss 
&  Miller,  1976).  It  is  only  fair  to  stress  that  these  authors  interpret  the  annual  changes 
differently  from  the  way  I  have  interpreted  the  annual  cycle  of  the  Great  Tit. 

However,  other  workers  have  shown  that  the  young  grouse,  which  agam  like  the  Great 
Tits  have  a  very  variable  survival,  are  also  dependent  to  a  considerable  extent  on  a  diet  of 
insects  (Butterfield  &  Coulson,  1975).  Variations  in  the  abundance  of  insects  might 
well  be  critical  for  the  survival  of  the  young  grouse.  Hence,  although  it  is  a  very  different 
sort  of  bird,  there  are  some  problems  potentially  similar  to  those  for  the  Great  Tit  in 
understanding  the  population  dynamics  of  this  species. 

The  size  of  individuals 

Another  aspect  of  bird  populations  that  we  know  very  httle  about  is  the  relationship 
between  fitness  and  body-size.  In  the  case  of  the  Great  Tit,  we  are  beginning  to  collect  a 
certain  amount  of  Information  about  the  advantages  and  disadvantages  of  birds  of  different 
size.  I  am  not  concerned  here  with  the  factors  which  act  between  populations  resulting  in 
different  sizes  of  birds  in  different  places,  e.g.  Bergmann’s  rule,  although  such  differences 
have  been  demonstrated  with  Great  Tits  (Snow,  1954).  Obviously,  since  most  organisms 
are  not  changing  rapidly  in  size,  natural  selection  in  some  way  acts  against  individuals  of 
extreme  size.  The  selective  advantage  of  animals  of  different  size  may  well  be  different  at 
different  times  of  year.  Such  appears  to  be  the  case  in  the  Great  Tit  and  one  can  begin  to  see 
some  of  the  forces  that  act  on  the  individuals  within  a  population. 

Within  the  Wytham  population,  certain  features  related  to  body-size  are  known.  Large 
size,  which  is  partly  an  inherited  and  partly  an  environmental  effect,  is  important  to  a  bird 
in  a  number  of  ways.  Large  birds  lay  larger  eggs  than  small  birdsj  the  young  hatching  from 
large  eggs  grow  faster  and  may  have  higher  survival  than  birds  from  smaller  eggs 
(SCHIFFERLI,  1973).  In  competition  with  their  siblings  for  food,  larger  young  may  be  at  an 
advantage.  Once  they  have  left  the  nest,  larger  young  have  a  higher  survival  rate  than 
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smaller  ones,  perhaps  in  part  because  they  dominate  the  smaller  ones.  The  same  may  be 
true  in  winter  when  again  larger  birds  are  dominant  at  food  sources.  In  addition  to  being  at 
an  advantage  in  contests  over  food,  larger  birds  suffer  less  metabolic  stress  when  the 
temperature  drops  sharply  (Kendeigh,  1969);  they  also  tend  to  be  able  to  störe  pro- 
portionately  more  food  reserves  than  smaller  birds  and  this  too  may  put  them  at  an 
advantage  in  adverse  conditions. 

Nevertheless,  the  large  bird  does  not  have  all  the  advantages;  small  birds  are  at  an 
advantage  in  a  number  of  ways.  Although  it  has  a  higher  metabolic  rate  per  unit  of  body 
weight,  a  small  bird  needs,  Overall,  less  food  than  a  large  bird  and  hence,  other  things  being 
equal,  is  at  an  advantage.  If  small  birds  are  feeding  in  dose  proximity  to  larger  birds  (and 
especially  if  they  are  taking  large  items  such  as  beech  mast),  they  are  likely  to  lose  food  as  a 
result  of  aggressive  encounters;  the  overall  advantage  is  then  with  the  large  bird  (Gibb, 
1954;  Garnett,  1976).  If,  however,  the  food  items  are  small  or  the  birds  too  dispersed  for 
feeding  interactions,  the  small  birds  are  at  an  advantage;  they  need  less  food  and  can 
apparently  gather  it  as  quickly  as  large  ones. 

The  advantages  of  being  small  are  most  clear  in  spring.  The  females  require,  in  addition 
to  energy  for  their  own  body  maintenance,  extra  energy  in  Order  to  be  able  to  form  eggs. 
Assuming  that  all  birds  have  an  equal  feeding  efficiency,  and  that  the  food  supply  increases 
prior  to  breeding,  the  smaller  females,  needing  less  energy  to  maintain  themselves,  will 
reach  the  required  level  for  breeding  sooner  (Perrins,  1970).  While  some  of  this  argument 
is  hypothetical,  small  female  Great  Tits  breed  earlier  than  larger  ones  (Fig.  2)  and  gain  a 
considerable  advantage  from  doing  so;  their  young  survive  better  as  a  result. 

In  view  of  the  fact  that  the  young  raised  by  the  early-breeding  females  tend  to  be  small 
(for  genetic  reasons)  one  might  expect  them  to  be  at  a  disadvantage  in  competition  with 
larger  young  of  later  broods.  This  does  not  appear  to  be  the  case  in  mid-summer  for, 
although  early  young  may  leave  the  nest  at  a  lower  weight  than  later  young,  they  always 
seem  to  be  at  an  advantage  over  the  later  young.  One  is  tempted  to  infer  from  this  that  the 
critical  interactions  between  the  young  occur  fairly  soon  after  fledging  when  the  low 
weight  of  early  young  is  compensated  for  by  their  greater  experience  and  development;  but 
there  is  little  evidence  on  this  point. 

Body  size  at  fledging  is  clearly  important  to  the  survival  of  the  young  birds.  As  we  have 
seen,  it  is  not  known  exactly  when  the  larger  birds  gain  this  advantage  over  the  smaller 
ones.  However,  the  birds  that  were  heavier  at  fledging  do  not  appear  to  be  at  an  advantage 
over  the  smaller  birds  after  the  autumn.  We  have  large  samples  of  birds  which  have  been 
trapped  in  winter,  but  have  not  been  caught  breeding;  presumably  most  of  them  died 
before  the  breeding  season.  The  fledging  weights  of  these  young  are  not  distinguishable 
from  those  of  young  birds  which  are  known  to  have  survived  to  breed.  This  is  true  for  both 
males  and  females.  Hence  although  we  know  the  birds  are  still  of  different  sizes,  there  is  no 
disadvantage  in  being  small  in  winter.  All  selection  against  small  birds  seems  to  take  place 
some  time  in  the  first  few  months  after  fledging.  Thereafter,  the  only  major  advantage  we 
know  of  is  that  small  females  are  at  an  advantage  over  large  ones  in  the  breeding  season. 

Hence,  as  one  might  expect,  there  is  a  balance  between  being  large  and  being  small.  If 
this  is  the  case,  one  might  expect  the  balance  to  shift  between  years,  at  least  at  times.  For 
example,  very  high  juvenile  survival  in  part  results  from  a  greater  number  of  the  smaller 
young  surviving  than  is  normally  the  case.  Similarly,  mild  winters  might  result  in  smaller 
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birds  showing  a  higher  than  usual  survival.  Either  of  these  cases  would  lead  to  both  high 
density  and  a  shghtly  smaller  mean  size  of  Great  Tits.  This  has  not  to  my  knowledge  been 
shown,  but  I  would  predict  that  it  should  be  so. 

Summary 

Factors  affecting  population  size  in  the  Great  Tit  are  discussed.  Two  stages  of  the  annual 
cycle  seem  particularly  worthy  of  further  study. 

The  number  of  young  surviving  from  fledgmg  to  the  autumn  varies  greatly.  The  reasons 
for  this  are  unknown,  though  they  are  in  some  way  correlated  with  the  years  in  which 
there  are  good  crops  of  seeds,  especially  of  the  beech.  The  proportion  of  young  which 
survive  to  autumn  is  the  most  important  factor  influencing  population  change. 

The  role  of  territorial  behaviour  needs  to  be  exammed  more  fully.  Inasmuch  as  high 
juvenile  survival  leads  to  high  population  levels  and  small  territories,  it  appears  that 
survival  is  more  important  than  territorial  behaviour  in  influencing  population  change. 
However,  territorial  behaviour  does  result  m  the  exclusion  of  some  birds  at  least  from  the 
best  habitats,  but  the  proportion  which  is  excluded  under  different  conditions  is  not 
known. 

At  different  times  m  the  annual  cycle  birds  of  different  body  size  are  at  an  advantage 
over  birds  of  other  sizes.  Large  body  size  is  advantageous  after  fledgmg;  many  more  of  the 
large  birds  survive  than  the  small  ones.  Either  large  or  small  birds  may  be  at  an  advantage 
in  the  winter  depending  on  the  conditions  prevailing  at  the  time.  Small  females  lay  earlier 
in  the  spring  than  large  ones  and,  since  early  breeding  is  advantageous,  produce  more 
surviving  young. 
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How  are  Morphological  Features  Judged  Adaptive 

Walter  J.  Bock 
Introduction 

Numerous  ornithologists  have  discussed  morphological  features  as  adaptations  or 
have  speculated  on  the  possible  adaptive  evolution  of  taxonomic  characters.  Yet,  few  of 
these  workers  have  indicated  the  methods  used  to  judge  the  adaptive  nature  of  mor¬ 
phological  structures  or  how  a  particular  evolutionary  change  is  shown  to  be  an  adap¬ 
tive  one.  In  this  Symposium,  we  are  not  concerned  with  the  demonstration  of  particular 
avian  adaptations,  but  with  the  sequence  of  studies  needed  to  judge  the  adaptive  nature 
of  morphological  features  and  with  the  use  of  these  conclusions  in  further  ecological, 
taxonomical  and  evolutionary  work.  Fach  contributor  will  discuss,  with  examples,  an 
aspect  of  the  analysis  needed  to  determine  an  adaptation;  the  entire  analysis  is  provided 
by  the  Symposium.  Although  we  will  discuss  only  morphological  features,  the  suggested 
methods  are  general  and  should  apply  to  all  biological  features. 

What  is  an  adaptive  feature 

The  concept  of  adaptation  is  an  old  one,  predating  not  only  the  development  of  evo¬ 
lutionary  theory  but  also  the  beginnings  of  biological  Science.  It  has  always  been  used 
to  indicate  biological  features  which  permit  the  organism  to  exist  successfully  in  a  par¬ 
ticular  environment.  Thus,  the  avian  wing  is  an  adaptation  to  an  aerial  environment, 
webbed  feet  to  an  aquatic  environment  and  so  forth.  Evolutionary  theory  was  devel- 

oped  largely  as  an  explanation  for  the  origin  and  further  specialization  of  biological 
adaptations. 

An  adaptation  is  thus  a  phenotypic  attribute  of  an  organism  and  is  always  judged 
with  respect  to  a  particular  selection  force  of  the  environment.  The  biological  feature 
and  the  environmental  selection  force  must  be  specified  precisely  when  describing  an 
adaptation.  To  say  that  the  wings  of  penguins  are  an  adaptation  is  meaningless  because 
being  adapted  is  not  an  intrinsic  property  of  a  feature,  such  as  its  mass;  being  adapted  is 
a  relative  property.  It  is  essential  always  to  state  the  selection  force  to  which  the  feature 
is  an  adaptation.  Wings  of  penguins  are  adaptations  to  locomotion  (swimming)  in  an 
aquatic  environment. 

Adaptations  are  judged  relative  to  the  external  environment  of  the  organism,  and 
precisely  to  selection  forces  arising  from  the  external  environment,  not  to  other  parts 
of  the  individual  organism.  Muscles  are  not  adapted  to  bones,  but  both  are  adapted  to 
particular  selection  forces  of  the  environment. 

The  phenotypic  feature  is  the  adaptation  which  requires  a  careful  description  of  all 
aspects  of  the  feature.  It  is  the  wing  that  is  the  adaptation,  not  just  the  morphology  of 
the  wing.  Both  the  form  (i.e.  the  morphology)  and  the  functions  (i.e.  the  physiology)  of 
the  feature  must  be  described  as  a  prerequisite  for  judging  the  adaptiveness  of  a  feature 
(Bock  &  von  Wahlert,  1965).  To  speak  about  morphological  adaptations,  phys- 
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iological  adaptations,  behavioral  adaptations,  is  not  valid  except  as  a  shorthand  indica- 
tion  of  the  research  Interests  of  the  workers. 

To  be  an  adaptation,  the  feature  must  have  a  biological  role,  i.e.,  used  by  the  organ- 
ism  in  the  course  of  its  life  history.  The  biological  role  interacts  with  a  selection  force 
arising  from  the  environment  (Umwelt)  of  the  organism  with  the  link  between  the  bio¬ 
logical  role  and  the  selection  force  being  the  synerg.  A  clear  distinction  must  be  made 
between  the  concept  of  function  and  that  of  biological  role  (Bock  &  von  Wahlert, 
1965;  Bock,  1979)  for  a  proper  evaluation  of  adaptation. 

An  adaptation  can  be  defined  as  a  feature  having  properties  of  form  and  function 
which  permit  the  organism  to  maintain  successfully  the  synerg  between  a  particular 
biological  role  of  that  feature  and  a  specific  selection  force.  By  successful,  I  mean  that 
the  individual  organism  survives  as  an  individual  and  reproduces  to  leave  progeny. 
Adaptations  must  be  judged  on  a  probability  basis  and  always  against  present  environ¬ 
mental  conditions,  never  against  future  ones.  Success  is  a  relative  term  and  some  meas- 
ure  of  success  or  of  the  degree  of  goodness  of  the  adaptation  is  needed.  This  can  be 
done  by  a  measure  of  the  amount  of  energy  required  by  the  organism  to  maintain  the 
synerg  with  better  adaptations  requiring  less  energy.  Adaptive  evolutionary  changes  are 
those  which  reduce  the  amount  of  energy  required  by  the  organism  to  maintain  suc¬ 
cessfully  the  synerg  (Bock,  1979). 

Adaptation  is  a  concept  applied  to  individual  features  of  an  organism;  it  makes  no 
sense  to  apply  it  to  individual  organisms  or  to  the  species.  Adaptation  is  not  equivalent 
to  fitness,  a  concept  applied  to  individual  organisms.  Rather  adaptation  is  linked  to  fit- 
ness  in  that  current  evolutionary  theory  postulates  that  individuals  with  better  adapted 
features  will  have  the  greater  fitness. 

Preadaptations  are  those  features  that  possess  properties  of  form  and  function  per- 
mitting  them  to  acquire  an  adaptive  nature,  but  the  needed  biological  role  and  selective 
force  have  not  yet  arisen  (Bock,  1959;  1979). 

Paradaptation  refers  to  those  aspects  of  features  that  are  “besides  adaptation”.  These 
are  aspects  of  features  whose  existence  can  be  attributed  to  the  mechanisms  of  genetical 
Variation  responsible  for  the  origin  of  new  phenotypes  (Bock,  1967)  and  hence  com- 
prise  the  total  set  of  all  aspects  of  biological  features  of  which  adaptations  form  a  sub- 
set.  Many  differences  observed  between  features  when  making  a  horizontal  comparison 
are  paradaptive,  not  adaptive. 

Recognition  of  an  adaptation 

Close  reading  of  the  literature  on  adaptive  features  reveals  several  general  methods 
used  to  ascertain  adaptations.  These  may  be  categorized  as  the  comparative,  the  correl- 
ative,  and  the  synthetic  (direct  study)  methods.  Only  the  last  is  valid  (Bock,  1977  a). 

The  comparative  method  depends  on  the  assumption  that  morphological  similarity 
indicates  adaptive  similarity  and  hence  that  each  morphology  (form)  has  a  unique 
adaptive  meaning.  Thus,  when  attempting  to  determine  the  adaptiveness  of  a  feature, 
one  compares  this  feature  morphologically  with  those  of  known  adaptive  significance. 
If  the  features  agree  in  morphological  form,  then  they  agree  adaptively  and  vice  versa. 
Numerous  examples  can  be  given  to  show  the  erroneous  basis  of  the  comparative 
method  (Bock,  1977  a). 
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The  correlative  method  depends  either  on  a  correlation  between  two  or  more  mor- 
phological  features  or  on  a  correlation  between  a  morphological  feature  and  an  envi¬ 
ronmental  factor.  The  formet  does  not  provide  any  Information  an  adaptation  because 
it  only  shows  relationships  between  two  or  more  morphological  features.  Correlations 
between  a  morphological  structure  and  an  environmental  factor  are  more  promising, 
but  correlations  are  only  that  and  while  they  may  indicate  causal  relationships,  a  corre¬ 
lation  in  itself  is  not  a  causal  relationship.  This  must  be  demonstrated  even  after  the 
correlation  may  be  established. 

The  remaining  method  — the  synthetic —  is  the  only  valid  one.  It  depends  on  study 
of  all  aspects  of  adaptation  from  the  morphological  form  to  the  environmental  factors 
and  hence  requires  a  combination  of  laboratory  and  field  studies  (Bock,  1977  b).  The 
major  components  of  the  synthetic  method  for  ascertaining  adaptations  are  the  subjects 
of  the  several  contributions  to  this  Symposium. 

The  synthetic  method 

The  essential  Steps  of  the  synthetic  method  may  be  summarized  as  follows; 

a)  Description  of  the  morphological  form  which  must  be  done  with  a  clear  under- 
standing  of  the  relationship  between  functional  and  structural  properties  so  that  the 
form  is  properly  described. 

b)  Description  of  the  functional  properties  based  on  experimental  methods,  together 
with  the  formulation  of  causal  models  for  the  observed  actions,  and  etc. 

These  first  two  Steps  constitute  the  laboratory  phase  of  study. 

c)  Description  of  the  biological  roles  based  on  observations  of  how  the  organisms 
use  their  features  in  the  course  of  their  life  histories. 

d)  Description  of  the  environmental  factors  and  of  the  selection  forces  arising  from 
them  so  that  the  synergical  relationships  can  be  ascertained. 

These  next  two  Steps  constitute  the  field  phase  of  study. 

e)  Determination  of  the  adaptation  based  on  all  of  the  Information  gathered  in  the 
above  studies  and  judgment  of  its  degree  of  goodness  by  measuring  the  amount  of 
energy  required  to  maintain  the  synerg  or  by  some  other  appropriate  measure. 

None  of  these  Steps  can  be  omitted,  each  is  essential  for  the  determination  of  an 
adaptation.  Unfortunately,  few  studies  exist  in  avian  biology  which  are  complete  or 
sufficiently  complete  to  permit  a  realistic  judgment  of  particular  adaptations.  In  most 
morphological  studies,  no  or  insufficient  attention  is  given  to  field  studies,  behavior 
and  ecology.  The  last  two  decades  have  been  fruitful  ones  in  terms  of  a  great  develop¬ 
ment  of  functional  morphology.  Such  studies  constitute  an  essential,  but  not  a  suffi- 
cient  part  of  adaptational  Investigation. 

The  major  problem  in  adaptational  investigations  is  they  require  a  broad  spectrum  of 
Work  that  is  almost  impossible  for  a  single  person  to  master.  Who  can  become  a 
descriptive  morphologist,  master  the  complex  techniques  of  function  anlysis,  learn 
behavior  and  the  multiple  facets  of  ecology?  A  reasonable  solution  to  the  breadth  and 
depth  of  study  required  on  adaptational  study  is  to  establish  informal  teams  of  two  or 
more  workers.  The  minimum  team  should  consist  of  a  laboratory  worker  to  undertake 
the  descriptive  and  functional  morphology  and  a  field  worker  to  do  the  behavior  and 
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ecology  (Bock,  1977  b).  The  essential  factor  of  such  teamwork  is  active  feedback 
between  each  worker  during  the  entire  study.  It  is  not  possible  to  do  two  separate 
investigations  and  combine  the  results  at  the  end  if  one  hopes  to  ascertain  the  adaptive 
nature  of  the  feature. 

The  beauty  of  adaptational  analysis  is  that  it  encompasses  the  entire  spectrum  of  bio- 
logical  studies.  Such  work,  more  than  any  other,  can  help  serve  to  unify  the  current 
diversified  field  of  avian  biology. 
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Zur  Methodik  funktionsmorphologischer  Untersuchungen 

Paul  Bühler 

Einleitung 

Das  Ziel  der  Funktionsmorphologie"'  ist  die  Aufklärung  der  Beziehungen  zwischen 
der  Form  und  Struktur  eines  Organismus  und  den  physikalisch-chemischen  Gesetzmä¬ 
ßigkeiten,  die  das  Funktionieren  des  Organismus  ermöglichen.  Funktionsmorphologi¬ 
sche  Befunde  beziehen  sich  wie  andere  physiologische  Befunde  auf  allgemeinbiologi¬ 
sche  Gesetzmäßigkeiten,  und  haben  als  solche  ihren  Wert,  wenn  sie  neue  und  interes¬ 
sante  oder  gar  überraschende  Fakten  und  Zusammenhänge  sichtbar  machen  —  und  in 
akzeptabler  Weise  erarbeitet  wurden.  Erstaunlicherweise  findet  man  aber  in  der  funk- 
tionsmorphologischen  Literatur  außer  akzeptablen  Befunden,  die  entsprechend  den 
methodischen  Grundsätzen  der  Naturwissenschaften  erarbeitet  wurden,  relativ  viele 
Angaben,  die  sich  bei  genauerer  Überprüfung  als  falsch  erweisen.  Das  Ziel  dieser 
Abhandlung  ist  es,  an  Hand  von  einigen  Beispielen  aufzuzeigen,  wie  solche  Fehllei¬ 
stungen  sich  vermeiden  lassen.  Da  der  Autor  sich  selbst  mit  der  Funktion  von  Kieferap¬ 
paraten  beschäftigt  (Bühler  1977),  wurden  als  Beispiele  funktionelle  Details  der  Kiefer¬ 
apparate  von  Vögeln  gewählt.  Um  das  Vorgehen  bei  der  funktionsanalytischen  Tätig¬ 
keit  zu  veranschaulichen,  wurden  außerdem  die  wesentlichen  Schritte  der  funktions¬ 
morphologischen  Arbeit  in  einem  Diagramm  (Abb.  1)  zusammengefaßt,  auf  dessen 
Einzelheiten  im  Anschluß  an  die  Beispiele  emgegangen  wird. 

Beispiele 

1.  Lubosch  (1929)  kommt  auf  Grund  seiner  Untersuchungen  zu  dem  Ergebnis,  daß 
der  distale  Bereich  des  Unterkiefers  der  Nachtschwalbe  (Cupvitnulgus  europaeus)  — 
also  das  V-förmige  Teil  aus  Symphyse  und  den  vorderen  Teilen  der  Unterkieferäste  — 
in  sich  relativ  starr  sei  und  seine  Form  während  der  Aktionen  des  Unterkiefers  kaum 
verändere.  In  Wirklichkeit  ist  aber  unmittelbar  caudal  der  Symphyse  eine  biegsame 
Zone  im  Bereich  des  Os  dentale  ausgebildet,  so  daß  der  Unterkiefer  der  Nacht¬ 
schwalbe  durch  zwei  Paar  intramandibulare  Artikulationsmöglichkeiten  gegliedert  ist 
(Bühler  1970,  Abb.  7,  9,  27,  29).  Lubosch  kommt  zu  seiner  Fehldarstellung  der  kine¬ 
matischen  Verhältnisse  in  der  Symphysenregion  des  Unterkiefers,  weil  er  vom  alkohol¬ 
konservierten  Präparat  auf  das  lebende  Tier  schließt,  ohne  den  Schluß  nachträglich 
kritisch  in  Frage  zu  stellen  und  zu  überprüfen. 

2.  Ebenfalls  nach  Lubosch  (1929)  soll  beim  Öffnen  des  Schnabels  der  Nacht¬ 
schwalbe  und  dem  damit  verbundenen  Absenken  des  Gesamtunterkiefers  zusätzlich 
noch  die  distale  Hälfte  des  Unterkiefers  abgesenkt  werden.  In  Wirklichkeit  wird  aber 
beim  Absenken  und  Spreizen  des  Gesamtunterkiefers  der  vordere  Bereich  relativ  zum 
Rest  nicht  zusätzlich  noch  weiter  abgesenkt,  sondern  angehoben.  Dabei  drehen  sich  die 
Unterkieferastteile  um  ihre  Längsachsen,  und  zwar  in  entgegengesetzten  Richtungen: 

Der  Begriff  Funktion  wird  in  dieser  Abhandlung  im  Sinne  von  Funktionieren  verwendet,  also  für  die  Arbeits¬ 
weise  eines  Organs  oder  Organteils,  und  nicht  im  Sinne  von  biologischer  oder  ökologischer  Rolle. 
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Von  dem  caudalen  Teil  des  Unterkieferastes  wird  die  nach  oben  gerichtete  Fläche  ein¬ 
wärts  gekippt,  von  dem  distalen  Teil  dagegen  die  nach  unten  gerichtete  Kante.  Bei  dem 
caudalen  Teil  des  Unterkieferastes  entspricht  die  in  Ruhe  nach  oben  gerichtete  Fläche 
einem  Kreisausschnitt,  bei  dem  distalen  Teil  die  nach  unten  gerichtete  Kante,  so  daß 
die  besprochenen  Drehungen  um  die  Längsachse  dazu  führen,  daß  die  Teile  des  Unter¬ 
kiefers  sich  beim  Aufreißen  der  Mundöffnung  in  einen  kreisförmigen  Ring  einordnen 
können,  wobei  die  extreme  Verbreiterung  der  Schädelkapsel  und  die  damit  verbundene 
Lateralwärts-Verlagerung  der  Quadratknochen  (an  denen  die  Unterkieferäste  artiku¬ 
lieren)  weitere  Voraussetzungen  dafür  sind,  daß  aus  dem  eckigen  und  engen  Unterkie¬ 
fer  der  Ruhestellung  die  kreisförmige  Beutefangöffnung  entsteht  (Bühler  1970,  Abb. 
1,  2,  8,  24,  25,  26,  27).  Also  obwohl  der  distale  Teil  des  Unterkiefers  beim  Öffnen  des 
Schnabels  in  Wirklichkeit  deutlich  angehoben  wird,  kommt  Lubosch  zu  dem  Ergebnis, 
daß  der  distale  Teil  des  Unterkiefers  relativ  zum  Gesamtunterkiefer  abgesenkt  würde; 
und  zwar  kommt  Lubosch  offensichtlich  zu  dieser  Ansicht,  weil  die  Absenkung  des 
vorderen  Bereiches  genau  seiner  Streptognathie-Theorie  entspricht  —  also  jener 
Hypothese  aus  der  Säugetierkunde,  die  besagt,  daß  als  Voraussetzung  für  die  Entste¬ 
hung  des  sekundären  Kiefergelenks  der  Mammalia  (also  des  Anlagerungsgelenks  zwi¬ 
schen  Dentale  und  Squamosum)  der  Unterkieferast  der  Säugetiervorfahren  schon  vor¬ 
her  in  sich  beweglich  war.  Die  Übereinstimmung  zwischen  einer  Lieblingstheorie  und 
dem  vermeintlich  bei  der  Nachtschwalbe  festgestellten  Mechanismus  war  für  Lubosch 
evident  genug,  um  die  gefundene  Hypothese  zu  akzeptieren. 

3.  Nach  Fourie,  der  1955  eine  Dissertation  über  die  Schädelmorphologie  und  Schä¬ 
delbeweglichkeit  einer  Nachtschwalbenart  (Caprimulgus  pectoralis)  publiziert  hat,  sol¬ 
len  die  Caprimulgiden  nur  eine  geringe  oder  gar  keine  Oberkieferbeweglichkeit  haben, 
obwohl  in  Wirklichkeit  bei  diesen  Vogelarten  eine  typische  prokinetische  Beweglich¬ 
keit  des  Oberschnabels  ausgebildet  ist  (Bühler  1970,  Abb.  3,  22,  23,  31),  und  zwar 
kommt  Fourie  zu  dem  Fehlschluß,  weil  er  annimmt,  man  könne  aus  der  Form  die 
Funktion  ableiten.  In  Wirklichkeit  kann  man  natürlich  aus  der  Form  nur  eine  Hypo¬ 
these  über  die  Funktion  ableiten,  was  nichts  anderes  heißt,  als  daß  man  verpflichtet  ist, 
im  nachhinein  die  Tragfähigkeit  der  zunächst  gemachten  Annahme  kritisch  zu  über¬ 
prüfen. 

4.  Unklar  sind  die  Verhältnisse  der  Oberkieferkinetik  beim  Strauß  (Struthio  camelus). 
Bei  allen  Vögeln  befindet  sich  unter  dem  Schädeldach  in  der  Stirnregion  zwischen  den 
Augen  ein  knöchernes  Interorbitalseptum.  Bei  den  prokinetischen  Vögeln,  die  den 
Oberschnabel  als  ganzes  bewegen  können,  ist  dieses  Septum  genau  unter  der  Biege¬ 
zone  des  Oberschnabels  ausgespart.  Hofer  hat  1955  darauf  hingewiesen,  daß  diese 
Aussparung,  die  sogenannte  Fissura  facio-cranialis,  eine  wichtige  Voraussetzung  für 
die  Oberkieferbeweglichkeit  darstellt.  Beim  Strauß  jedoch  fehlt  solch  eine  Aussparung: 
Das  Interorbitalseptum  geht  ohne  Unterbrechung  in  das  Nasalseptum  über.  Bock  hat 
deshalb  1963  diskutiert,  daß  beim  Strauß  die  Biegezone  des  Oberschnabels  vor  dem 
Ende  des  medialen  Septums  ausgebildet  sein  müßte.  Wenn  man  aber  die  Querschnitts¬ 
form  des  Oberkieferskeletts  anschaut,  dann  fällt  auf,  daß  der  Schnabelfirst  genau  in 
der  Region  vor  dem  Ende  des  medialen  Septums  gewölbt  ist,  während  die  Schnabel¬ 
firstspange  im  Bereich  über  dem  Nasalseptum  flach  ist.  Da  eine  gewölbte  Knochen¬ 
platte  sich  aus  mechanischen  Gründen  nicht  oder  nur  schwer  biegen  läßt,  muß  eine 
andere  Hypothese  gesucht  werden:  Der  Oberschnabelfirst  läßt  sich  möglicherweise 
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nicht  vor,  sondern  über  dem  Septum  durchbiegen.  Wenn  aber  das  der  Fall  ist,  dann 
darf  der  Schnabelfirst  natürlich  nicht  mit  dem  Nasalseptum  verwachsen  sein,  wie  das 
z.  B.  bei  den  Waldschnepfen  (Scolopax)  der  Fall  ist.  Bei  einem  präparierten  Straußen- 
schädel,  bei  dem  der  Oberschnabel  in  leicht  angehobener  Stellung  fixiert  ist,  läßt  sich 
tatsächlich  feststellen,  daß  zwischen  Septum  und  Oberkiefer  ein  Spalt  ausgebildet  ist. 
Dem  entsprechen  auch  ein  lockeres  Bindegewebe  zwischen  Nasalseptum  und  Schna¬ 
belfirst,  das  histologisch  nachgewiesen  werden  konnte,  und  die  passive  Beweglichkeit 
des  Oberkiefers,  die  an  frischtoten  Köpfen  aus  Südwestafrika  untersucht  werden 
konnte,  wobei  sich  ergab,  daß  tatsächlich  über  dem  Nasalseptum  eine  Biegezone  im 
knöchernen  Schnabelfirst  ausgebildet  ist  (Bühler  &  Frey-Lühl).  Durch  Untersuchung 
von  Schliffen  aus  dieser  Region  mit  dem  Lichtmikroskop  und  einem  Spezialröntgenge¬ 
rät  ergab  sich  weiterhin,  daß  der  Schabelfirst  in  der  Biegezone  aus  zwei  Knochenlamel¬ 
len  und  einer  zwischengeschalteten  Bindegewebsschicht  aufgebaut  ist  —  also  entspre¬ 
chend  dem  Prinzip  einer  Sperrholzplatte  oder  der  mehrschichtigen  Blattfederung  eines 
Eisenbahnwaggons. 

Dieses  Beispiel  des  Nachweises  einer  besonderen  Biegestruktur  im  Straußenober- 
schnabel  zeigt  exemplarisch,  was  mit  den  einzelnen  Schritten  in  dem  Schema  der 
Abb.  1  gemeint  ist,  und  wie  sich  durch  das  Prinzip  der  hintereinandergeschalteten 
Hypothesenüberprüfungen  die  Unterlassungen  der  ersten  drei  Beispiele  vermeiden  las¬ 
sen:  Ausgehend  von  einer  in  der  Literatur  vorgegebenen  Fragestellung  führte  der  Weg 
über  die  Formulierung  der  Hypothese  zu  deren  empirischen  Überprüfung;  im  Falle  der 
Widerlegung  der  Hypothese  dann  zur  Ersetzung  durch  eine  Alternativhypothese,  die 
allen  bisherigen  empirischen  Befunden  genügen  muß,  und  die  dann  weiteren  empiri¬ 
schen  Überprüfungen  zu  unterwerfen  ist.  Im  vorliegenden  Beispiel  hielt  die  Alternative 
diesen  Überprüfungen  stand  —  die  Hypothese  bewährte  sich  im  Sinne  von  Popper 
(1976).  Angeregt  durch  dieses  Ergebnis  kam  es  dann  zur  Suche  nach  ergänzenden 
Hypothesen  (vgl.  Hypothese  vom  Sperrholzprinzip  in  dickeren  biegsamen  Knochen¬ 
platten  und  in  Abb.  1  den  direkten  Pfeil  von  der  „Hypothese  mit  Anspruch  auf  Allge¬ 
meingültigkeit“  zur  „problemorientierten  Untersuchung  der  Objekte“). 

Konsequenzen  und  Zusammenfassung 

Erstens:  Die  an  Hand  der  Beispiele  demonstrierten  methodologischen  Forderungen 
entsprechen  im  Prinzip  dem  Vorgehen  vieler  Funktionsmorphologen,  die  sie  bewußt 
oder  unbewußt  schon  bisher  in  richtiger  Weise  befolgt  haben.  Da  sie  aber  andererseits 
oft  vernachlässigt  oder  gar  ignoriert  werden,  wurde  versucht,  die  wesentlichen  metho¬ 
dischen  Schritte  der  funktionsmorphologischen  Vorgehensweise  herauszuarbeiten: 
Zwei  grundsätzlich  verschiedenartige  Schritte  sind  unabdingbar.  Erstens  die  Findung 
von  funktionsmorphologischen  Hypothesen  und  zweitens  deren  empirische  Überprü¬ 
fung.  Für  die  Findung  der  Hypothesen  gibt  es  zwar  grundsätzlich  keine  zwingende 
Vorschrift  (vgl.  Gutmann  et  al.  1975),  aber  für  den  funktionsmorphologischen  Bereich 
hat  sich  die  intensive  Untersuchung  der  Objekte  —  also  der  morphologischen  Details, 
der  passiven  Beweglichkeit  am  frischtoten  Objekt  und  der  Beobachtung  freilebender 
oder  in  Gefangenschaft  gehaltener  Individuen  etc.  als  Grundlage  für  die  Hypothesen¬ 
provokation  besonders  bewährt.  Für  das  Auffinden  von  Konstruktionen  mit  unge¬ 
wohnten  Funktionsweisen  ist  in  der  Regel  auch  ein  fundierter  Überblick  über  das  Wis¬ 
sen  aus  den  Bereichen  der  vergleichenden  Anatomie,  der  ökologischen  Ethologie  und 
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der  Biomechanik  notwendig.  Deshalb  werden  durch  funktionsmorphologische  Erst¬ 
lingsarbeiten,  wenn  sie  nicht  im  Rahmen  einer  intensiven  Zusammenarbeit  mit  erfahre¬ 
nen  Funktionsmorphologen  durchgeführt  werden  (trotz  des  meist  beachtlichen 
Umfangs  solcher  oft  als  Dissertationen  vorgelegten  Arbeiten),  häufig  nicht  die  wesent¬ 
lichen  Phänomene  erfaßt,  die  im  Rahmen  der  Bearbeitung  eigentlich  erfaßt  werden 
sollten. 

Zweitens:  Die  Wahrscheinlichkeit,  daß  für  eine  funktionsmorphologische  Fragestel¬ 
lung  zunächst  eine  falsche  Ffypothese  gefunden  wird,  ist  zwar  ebenfalls  recht  groß. 
Aber  das  Finden  einer  falschen  Hypothese  ist  nicht  von  so  negativer  Bedeutung  wie  das 
Übersehen  eines  wesentlichen  Phänomens,  weil  falsche  Hypothesen  bei  einer  nachge¬ 
schalteten  Hypotheseüberprüfung  sich  auswechseln  lassen,  während  übersehene  Funk¬ 
tionskomplexe  aus  dem  Gesichtsfeld  des  Untersuchers  geraten. 

Drittens:  Die  Überprüfung  einer  Hypothese  kann  nur  durch  das  konsequente  Bemü¬ 
hen  erfolgen,  die  Hypothese  zu  widerlegen,  solange  sinnvolle  und  empirisch  überprüf¬ 
bare  Einwände  gegen  die  Hypothese  erkennbar  sind  (vgl.  Popper  1976).  Dabei  sind  die 
Einwände  gegen  eine  Hypothese  als  überprüfbare  Vorhersagen  zu  formulieren  (in 


Empirische  Ausgangssituation 
_ 


Zufälliges  Stoßen  auf  eine  neue  funktions- 
morpholoqische  Fragestellung  ( z.B.  bei  der 
Untersuchung  anderer  Probleme) 


Vorgegebene  Frage¬ 
stellung!  z.  B.aus 
der  Literatur) 


Erste  Hypothesenbildung 
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'  ¥ 

Oie  Suche  noch  wei 
leren  ergänzenden 


Einzelfall- Hypothese 
(Z.B. :  Die  Form  eines 
vorliegenden  Nacht- 
schwalben-Unterkie- 
fers  spricht  dafür^daO 
das  lebende  Tier  den 
Unterkiefer  spreizen 
konnte ) 


Verallgemeinerung 

Hypothesen  


Hypothese  mit  Anspruch  auf  Allqemeinqül- 
tigkeitlZ.B. :  Die  betreffende  Nachtschwal¬ 
benart  kann  den  Unterkiefer  spreizen) 


Ableitung  einer  Prognose 


Prognose  (  Z.B  :  Wenn  die  Hypothese  wahr 
istj  muß  sich  der  Unterkiefer  bei  einer 
frischtoten  Nachschwalbe  spreizen  lassen) 
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Bewährung  der 
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Vorläufig  bewähr 
te  Hypothese 


Abb.  1.  Schema  der  Bearbeitung  .einer  funktionsmorphologischen  Frage  (als  Beispiel  ein  Detail 
der  Kiefermechanik  einer  Nachtschwalbe).  Die  Spirale  symbolisiert  das  sich  fortsetzende  Wech¬ 
selspiel  zwischen  Prognosenableitung  und  Prognosenüberprüfung,  durch  das  nacheinander  alle 
vorliegenden  Einwände  gegen  eine  Hypothese  empirisch  zu  überprüfen  sind;  wenn  eine  Überprü¬ 
fung  negativ  ausfällt,  ist  die  Hypothese  zu  verwerfen  und  durch  eine  Alternative  zu  ersetzen,  die 

den  bisherigen  empirischen  Befunden  genügen  muß. 
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Abb.  1  als  „Prognose  gekennzeichnet),  an  Hand  derer  sich  dann  empirisch  überprüfen 
läßt,  ob  die  Hypothese  falsch  ist  oder  ob  sie  sich  bewährt.  Durch  dieses  sich  wiederho¬ 
lende  Wechselspiel  zwischen  intuitiver  Hypothesenfindung,  Ableitung  von  Prognosen 
und  der  empirischen  Überprüfung  (das  in  Abb.  1  als  Spirale  zur  „zunehmenden  Hypo¬ 
thesenbewährung  führt)  ergibt  sich  mehr  oder  weniger  zwangsläufig  auch  die  Aus¬ 
wahl  der  morphologischen  Merkmale,  die  bei  einer  Bearbeitung  besonders  intensiv 
untersucht  und  auch  in  der  graphischen  Darstellung  herausgehoben  werden  müssen. 
Wichtig  ist  es,  bei  der  Überprüfung  einer  Hypothese  möglichst  präzise  Verfahren  zu 
finden  und  anzuwenden  (also  Prüfverfahren,  die  dann,  wenn  eine  Hypothese  falsch  ist, 
auch  die  Hypothese  zu  Fall  bringen).  Das  Finden  solcher  Prüfverfahren  ist  zwar 
grundsätzlich  eine  Frage  der  Intuition,  aber  z.  B.  speziell  für  den  funktionsmorphologi¬ 
schen  Bereich  des  Nahrungsaufnahmeapparates  hat  es  sich  bisher  schon  bewährt, 
Hypothesen  durch  gezielte  Untersuchung  bestimmter  morphologischer  Details  (wie 
z.  B.  des  Verlaufs  und  der  Mächtigkeit  beteiligter  Muskeln)  in  Frage  zu  stellen,  weiter¬ 
hin  durch  Untersuchung  des  Einflusses  von  Konservierungsmethoden  auf  Statik  und 
Kinematik,  durch  gezielte  Untersuchung  der  Bewegungsmechanik  am  frischtoten  oder 
lebenden  Tier;  auch  durch  den  Einsatz  von  Meßtechniken  zur  quantitativen  Erfassung 
von  Kinematik,  Elastizität,  Belastbarkeit,  Proportionen  und  Substanzmassen;  in  man¬ 
chen  Fällen  durch  licht-  und  elektronenmikroskopische  Untersuchungen  des  inneren 
Feinbaus,  der  für  Statik  und  Kinematik  eines  Systems  von  Bedeutung  sein  kann;  wei¬ 
terhin  durch  entsprechende  Verhaltensuntersuchungen  (Beobachtungen,  Kinemato- 
und  Röntgenkinematographie,  Zeitdehnungstechniken,  Elektromyographie,  Video¬ 
techniken);  schließlich  durch  Methoden  der  angewandten  Mathematik,  der  graphi¬ 
schen  und  numerischen  Mechanik,  durch  spannungsoptische  Untersuchungen  und 
durch  den  Bau  von  mechanischen  Vergleichsmodellen  usw.  usw.  —  wobei,  wenn  mög¬ 
lich,  eine  nicht  zu  kleine  Anzahl  von  Individuen  und  verschiedener  Altersstufen  und 
natürlich  auch  alle  (!)  entsprechenden  Befunde  in  der  Literatur  in  die  Prüfverfahren 
einzubeziehen  sind. 

Grundsätzlich  ist  es  in  keinem  Falle  akzeptabel,  die  Prüfung  einer  Hypothese  auf  die 
Suche  und  das  Zusammentragen  von  positiven  Argumenten  zu  beschränken,  die  eine 
Hypothese  unterstützen,  da  schon  eine  einzige  empirische  W^iderlegung  ausreicht,  um 
eine  Hypothese  trotz  einer  Vielzahl  von  positiven  Argumenten  zu  Fall  zu  bringen  (vgl. 
bei  Popper  die  Asymmetrie  zwischen  Falsifikation  und  Verifikation).  Deshalb  sollte 
eine  funktionsmorphologische  Hypothese  nur  dann  im  Rahmen  von  Publikationen 
dargestellt  werden,  wenn  sich  der  Autor  schon  intensiv  um  die  Findung  und  empirische 
Überprüfung  von  Gegenargumenten  bemüht  hat. 
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Studies  of  Functional  Anatomy  in  Birds  Utilising  Museum  Specimens 

P.  J.  K.  Burton 


Museum  specimens  were  the  basic  material  used  in  the  numerous  19th  Century  ana- 
tomical  studies  which  laid  the  foundation  for  modern  functional  morphology. 
Although  techniques  and  objectives  have  changed,  museum  specimens  still  have  their 
part  to  play.  The  purpose  of  this  paper  is  to  examine  their  role  at  the  present  day,  and 
to  suggest  possible  directions  of  future  development. 

We  should  perhaps  Start  by  considering  the  specimens  themselves.  Where  anatomical 
Work  is  concerned,  it  is  almost  taken  for  granted  that  specimens  refers  to  birds  pre- 
served  whole  m  fluid,  or  to  skeletons.  It  should  not  be  forgotten,  however,  that  the  tra- 
ditional  skin  specimens  which  form  the  bulk  of  most  collections  can  furnish  useful  data. 
This  will  mainly  consist  of  more  detailed  measurements  of  legs,  wings  and  bill  than  are 
usually  required  for  species  level  taxonomic  work.  Occasionally  the  skull  may  be  of  use 
when  no  osteological  specimen  is  available,  and  can  be  either  exposed  completely,  or 
revealed  by  soft  X-ray.  Unfortunately,  the  common  practice  among  skinners  of  cutting 
out  the  palate  and  much  of  the  occipital  region  greatly  reduces  the  usefulness  of  many 
specimens. 

Fluid  preserved  specimens  are  usually  stored  in  ethyl  alcohol  or  iso-propyl  alcohol. 
Their  condition  will  depend  upon  the  method  of  fixation  used  initially,  and  upon  the 
Standard  of  subsequent  storage.  Both  of  these  vary  widely.  Fixation  was  often  poor  in 
many  older  specimens,  and  I  suspect  many  are  simply  a  surplus  which  the  collector  had 
no  time  to  skin,  and  eventually  crammed  into  an  insufficient  supply  of  spirit  at  the  end 
of  the  day,  after  several  hours  decomposition  and  dessication.  Such  specimens  have 
brittle  soft  tissues,  and  often  a  dried  and  distorted  tongue.  Occasionally  a  mass  of  di- 
pterous  larvae  is  found  where  a  muscle  should  be.  (These  at  least  are  well  preserved, 
having  been  alive  until  the  time  of  fixation!)  In  fairness,  however,  many  old  specimens 
are  in  excellent  condition,  and  I  have  obtained  useful  Information  from  a  specimen  of 
Creadion  carunculatus  believed  to  have  been  collected  200  years  ago  (Burton,  1969, 
1974  a),  and  produced  reasonable  histological  sections  from  a  specimen  of  Heteralocha 
over  100  years  old.  Specimens  collected  by  the  British  Museum  (Natural  History)  in 
recent  years  are  fixed  with  8  to  10  %  formaldehyde  solution,  or  a  formaline  based  fixa- 
tive;  the  use  of  glycerine  apparently  promotes  pliability.  Formaline  fixed  specimens 
often  have  the  slight  disadvantage  of  rather  colourless  muscles;  this  can  be  overcome 
by  the  use  of  iodine  solution  (Bock  &  Shear,  1972).  Fixation  is  performed  as  soon 
after  death  as  possible,  normally  within  half  an  hour.  All  but  the  smallest  birds  are 
injected  as  well  as  immersed,  and  weights  at  death  are  recorded  — a  vital  piece  of  ana¬ 
tomical  Information  which  has  all  too  often  been  omitted  in  the  past. 

The  main  danger  during  storage  is  that  specimens  may  dry  out  due  to  evaporation  of 
Spirit.  Although  modern  Containers  greatly  reduce  this  danger  as  compared  with  old 
style  museum  jars,  the  only  real  safeguard  is  constant  vigilance,  and  a  programme  of 
regulär  retopping.  Unfortunately,  over  the  years,  periods  occur  during  which  the  cura- 
tors  of  the  time  have  little  interest  in  spirit  specimens,  and  it  is  at  these  times  when  dete- 
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rioration  has  occurred.  We  know  from  manuscript  remarks  by  William  Clift,  a  nine- 
teenth  Century  curator  of  the  Hunterian  collection,  that  such  a  period  of  neglect 
occurred  at  the  British  Museum  during  the  late  eighteenth  and  early  nineteenth  centu- 
ries,  and  it  would  be  unrealistic  to  suppose  it  has  not  happened  more  than  once  since. 

Skeletons  are  more  laborious  to  prepare,  but  once  this  has  been  done,  are  the  easiest 
to  maintain  of  the  various  kinds  of  museum  specimens.  The  main  danger  is  that  during 
use  for  comparative  study,  parts  of  different  specimens  may  become  muddled.  The  only 
effective  precaution  is  to  mark  all  parts  of  a  skeleton  with  its  registration  number — a 
laborious  and  time  consuming  process. 


Let  US  now  consider  the  types  of  Information  which  a  functional  anatomist  may  hope 
to  obtain  from  these  specimens.  Measurements  and  descriptions  of  form  based  on  skel- 
etons  should  be  relatively  error  free,  providing  normal  precautions  are  taken  to  ensure 
consistency.  Possible  pitfalls  may  occur  with  the  skull,  which  may  have  dried  out  with 
the  upper  jaw  and  palate  in  various  positions.  If  basipterygoid  processes  are  present, 
they  provide  an  indication  of  the  state  of  retraction  or  protraction  of  the  specimen.  If 
kinesis  itself  is  being  studied,  the  upper  jaw  and  palate  may  be  rendered  mobile  by 
soaking.  Various  devices  have  been  constructed  for  measuring  kinesis,  but  I  am  person- 
ally  rather  cautious  about  this  techmque,  since  the  state  of  the  specimen  (especially  its 
age)  may  considerably  affect  results.  I  would  urge  the  use  of  either  fresh  material,  or 
skeletons  of  the  same  age  and  identical  method  of  preparation,  for  this  purpose  (see 
Goodman  &  Fisher,  1962). 


Regarding  the  dissection  of  spirit  specimens,  I  am  most  conversant  with  problems 
affecting  myological  work.  These  arise  from  the  great  variations  in  apparent  bulk,  Posi¬ 
tion  and  fibre  Orientation  which  may  be  produced  simply  by  chance  events  during  pre¬ 
paration  of  the  specimen.  When  these  problems  are  considered  in  relation  to  the  depth 
of  Information  needed  to  fully  understand  the  functioning  of  a  muscle  (Bock,  1974),  it 
might  well  be  thought  that  no  useful  conclusions  could  be  obtained  at  all  from  pre- 
served  specimens.  Nevertheless,  study  of  a  ränge  of  species  eventually  reveals  consistent 
differences  requiring  explanation,  and  I  shall  consider  the  methodology  involved  in  the 
concluding  part  of  this  review.  Before  leaving  this  topic,  I  would  like  for  a  moment  to 
comment  on  the  practice  of  weighting  muscles  or  other  tissues  and  Organs  to  assess 
their  bulk.  This  was  done  by  Goodman  &  Fisher  (1962)  for  a  ränge  of  Anatidae.  For 
reasons  which  are  thoroughly  explained  in  Bock’s  (1974)  review,  I  believe  these 
weights  to  be  of  limited  value  on  their  own.  Nevertheless,  they  could  perhaps  be  of  use 
m  the  future,  but  some  practical  problems  will  have  to  be  overcome.  These  concern 
weight  changes  in  museum  specimens  during  fixation  and  preservation.  Norris  &  Wil- 
LIAMSON  (1955)  considered  that  hearts  preserved  in  10  %  formalin  did  not  differ  signi- 
ficantly  in  weight  from  fresh  hearts,  but  a  study  of  my  own  (Burton,  1977)  suggested 
weight  loss  in  alcoholic  specimens.  Skeleton  specimens  must  also  vary  in  the  extent  of 
weight  loss.  For  these  reasons,  specimens  used  to  provide  weight  data  should  be  closely 
matched  for  method  of  preparation  and  storage;  if  this  can  be  done,  there  is  a  relatively 
untapped  potential  here  which  may  eventually  produce  much  valuable  Information. 
There  are  probably  other  areas  of  investigation  which  could  utilise  museum  specimens 
but  have  as  yet  been  little  pursued.  Histology  is  probably  one  of  these;  although 
museum  specimens  have  their  limitations  for  this  purpose,  they  are  usually  adequate  for 
at  least  simple  comparisons  of  tissue  structure.  Even  more  neglected  are  the  many  spec- 
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imens  of  embryos  which  exist  in  most  spirit  collections  of  birds.  Many  of  these  probably 
represent  the  technical  failures  of  egg  collectors,  but  it  seems  unfortunate  that  they  are 
so  little  used.  This  is  perhaps  because  their  stages  of  development  are  so  variable  that 
inter  species  comparisons  would  be  difficult,  or  because  embryologists  do  not  know 
they  exist,  or  because  they  simply  do  not  require  them.  However,  I  am  reluctant  to 
believe  they  cannot  be  usefully  employed  in  some  way! 

From  the  foregomg  remarks,  it  will  be  evident  that  museum  specimens  have  their 
limitations.  The  type  of  study  in  which  they  will  play  only  a  supporting  role  is  well 
exemplified  by  the  work  of  Zweers  (1974)  and  Zweers  et  al.  (1977)  on  the  feedmg 
apparatus  of  the  Mallard  (Anas  platyrhynchos).  Techniques  used  in  such  a  thorough 
analysis  may  include  in  vivo  experimental  studies  of  muscle  or  nerve-muscle  prepara- 
tions,  refmed  histological  techniques  and  cine-photography  of  behaviour.  Studies  of 
this  depth  are  vital  if  the  functional  significance  of  morphological  features  is  ever  to  be 
thoroughly  understood.  However,  it  is  equally  essential  to  view  them  in  a  wide  per¬ 
spective  throughout  a  ränge  of  species.  Smce  it  is  scarcely  feasible  to  treat  all  these  spe¬ 
cies  with  the  same  thoroughness,  recourse  must  be  had  to  museum  collections. 

The  type  of  study  for  which  museum  specimens  are  ideally  suited  therefore,  is  a  wide 
ranging  survey,  taking  in  as  many  species  as  possible.  Theoretically,  the  more  species 
examined  in  such  a  survey,  the  more  accurate  are  likely  to  be  its  conclusions.  Its  con- 
clusions  will  largely  be  based  on  the  distribution  of  structural  features  among  the  spe¬ 
cies  examined,  and  particularly  on  associations  between  such  features,  or  between 
structure  and  behaviour.  However,  there  are  obviously  practical  limits  set  by  the  time 
and  stamina  of  the  investigator,  and  there  is  a  danger  of  attempting  too  wide  a  cover- 
age,  and  achieving  only  a  superficial  level  of  understanding.  There  are  two  possible 
remedies  for  this.  The  most  obvious,  of  course,  is  to  limit  coverage  to  a  fairly  small 
number  of  species,  so  that  all  can  be  studied  in  some  detail.  Examples  of  papers  in  the 
last  two  decades  following  this  method  are  Zusi’s  (1962)  study  of  the  Black  Skimmer 
(Rynchops  nigra)  and  three  other  Lariform  birds,  or  Goodman  &  Fisher’s  (1962)  study 
of  a  number  of  Anatidae.  An  alternative  is  to  study  one  or  a  few  species  in  special 
detail,  and  proceed  from  this  to  a  simpler,  more  stereotyped  survey  of  a  wider  ränge. 
This  has  been  the  approach  adopted  in  a  number  of  papers  by  Bock,  e.g.  of  secondary 
articulation  of  the  avian  mandible  (Bock,  1960  a)  or  the  palatine  process  of  the  pre- 
maxilla  in  the  Passeres,  and  I  have  tended  to  favour  it  myself,  as  in  a  study  of  the  Cha- 
radrii  (Burton,  1974  b)  or  a  more  recent  one  of  the  Coraciiformes  and  Piciformes 
(Burton,  in  prep.).  The  study  of  the  stapes  by  Feduccia  (1975),  though  limited  to  one 
structure,  is  essentially  of  this  type.  Nevertheless,  studies  of  this  wider  type  have  not 
been  pursued  by  many  recent  workers  in  avian  functional  anatomy,  although  several 
primarily  systematic  studies  have  drawn  on  a  large  array  of  species,  e.g.  Ames  (1971), 
VAN  DEN  Berge  (1970),  Strauch  (1976). 

There  are  pitfalls  in  both  approaches.  The  first  suffers  from  the  limited  number  of 
species  investigated,  but  in  the  second,  the  dangers  are  more  subtle.  They  arise  from 
the  fact  that  since  not  every  detail  can  be  checked  in  the  wider  stage  of  the  survey, 
some  selection  has  to  be  exercised.  There  is  thus  a  possibility  of  subjective  bias,  which 
can  be  guarded  against  only  by  careful  thought  and  constant  checking.  In  practice, 
feedback  occurs  between  detailed  dissection  of  selected  species,  and  checking  of  simple 
points  in  a  ränge  of  others.  Thus,  in  my  study  of  the  feeding  apparatus  in  the  Chara- 
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drii,  what  started  as  a  simple  check  of  the  relative  development  of  components  of 
M.  pterygoideus  revealed  a  major  dichotomy  within  the  group,  based  on  the  pathway 
followed  by  N.  pterygoideus.  This  had  gone  unnoticed  in  the  initial  dissections  of  five 
representative  species,  although  both  types  of  structure  were  represented.  Further 
checks  on  additional  species  eventually  revealed  the  existence  of  Intermediate  condi- 
tions  in  Pluvianus  and  Peltohyas. 

Studies  utilising  one  or  a  few  species  only  are  of  value  when  “in  depth”  investigation 
IS  impossible  for  practical  reasons,  and  unusual  features  are  present  for  which  a  wider 
survey  would  only  marginally  improve  understanding.  Such  studies  are  understandably 
attractive  to  investigators,  smce  they  are  usually  short  but  interesting;  they  may  even 
serve  a  useful  psychological  role  by  relievmg  the  tedium  of  a  long  term  project!  Casting 
an  eye  over  the  literature  of  recent  years,  I  see  I  have  quite  often  fallen  prey  to  this 
temptation,  with  e.g.  papers  on  Eurynorhynchus  (1971),  Anarhynchus  (1972),  Hetera- 
locha  (1974)  and  Procnias  alba  (1976).  Papers  by  others  falling  into  this  category 
include,  e.g.  Bock  (1961)  on  Perissoreus  and  (1969)  on  Pedionomus,  or  Zusi  &  Störer 
(1969)  on  Podilymbus.  Such  investigations  have  a  useful  contribution  to  make,  since  the 
extreme  features  shown  by  most  of  these  birds  may  highlight  factors  which  have  influ- 
enced  the  evolution  of  less  specialised  relatives. 

A  final  question  arises  from  the  foregoing  review;  can  the  world’s  museum  collec- 
tions  supply  the  specimens  needed  for  such  studies?  The  answer  is  a  cautious  and  quali- 
fied  affirmative.  A  recent  survey  of  the  anatomical  collections  of  the  British  Museum 
(Natural  Ffistory)  by  Blandamer  &  Burton  (in  press)  shows  that  all  families  but  one 
(Atrichornithidae)  are  represented  by  at  least  a  single  specimen,  while  coverage  of  gen- 
era  is  61  °/o  and  of  species  40  %.  However,  only  a  few  other  collections  in  the  world 
are  as  large,  and  even  the  British  Museum  (Natural  History)  collection  leaves  many 
serious  gaps.  Curators  in  charge  of  anatomical  collections  of  birds  will  no  doubt  be 
concerned  to  fill  these  gaps,  but  it  is  not  always  at  once  obvious  which  deficiencies  are 
the  obvious  ones.  Personal  involvement  in  research  on  avian  anatomy  is  vital,  for  only 
in  this  way  can  important  desiderata  be  identified,  and  priorities  determined.  Ffaving 
decided  these  priorities,  there  may  still  be  difficulties,  for  the  world  has  changed  since 
the  heyday  of  collecting  in  the  nineteenth  Century.  Many  species  are  too  rare  to  sustain 
even  moderate  pressure  on  their  populations,  while  collecting  activities  in  many  coun¬ 
tries  are  unpopulär,  for  reasons  which  are  sometimes  as  much  political  as  they  are  con- 
servational.  To  conclude,  then,  I  would  urge  closer  Cooperation  between  ornithologists 
in  Charge  of  such  collections,  to  devise  a  common  policy  aimed  at  providing  a  compre- 
hensive  stock  of  material  for  future  anatomical  studies. 
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Introduction 

Waterfowl  show  a  wide  radiation  of  feeding  methods  on  one  broad  unifying  pattem. 
Therefore,  their  feeding  Systems  provide  an  extremely  good  opportunity  to  undertake 
comparative  studies  in  Order  to  clarify  the  shaping  of  that  System.  Prior  to  the  selection 
of  structural  parameters  for  comparison,  the  complete  functional  and  ecological  mor- 
phology  of  the  System  should  be  known.  A  clear  research  strategy  arising  from  a  partic- 
ularly  formulated  methodology  is  a  first  requirement  for  such  an  approach.  Hence,  a 
short  Compilation  of  hypotheses  involved  is  given  (cf.  Zweers  &  Kooloos,  1978). 
Newly  found  structures  in  the  biocybernetics  of  the  System  are  listed  first  and  then  the 
biomechanics  (cf.  movements  and  electric  activity)  are  analyzed  in  Order  to  formulate 
causal  models  for  pecking  and  straining.  The  progress  of  this  research  along  the 
methodological  pathway  is  indicated  by  showing  the  measurement  of  quantified  role- 
fulfilment  as  a  basis  for  a  first  approach  optimization  and  systemization. 

Methodological  survey  and  research  strategy 

Question 

Functional  (and  ecological),  developmental  and  evolutionary  morphologists  basically 
answer  the  following  question:  Why  is  a  System  built  the  way  it  is,  and  why  not  differ¬ 
ent?”  Asking  “why”  involves  two  well  known  aspects:  (1)  as  a  result  of  which  evolu¬ 
tionary  and  developmental  processes  arrived  the  System  at  its  present  state,  and  (2) 
whatfor  and  how  does  the  System  work?  Asking  “why  not”  implies  that  the  System 
could  be  different.  Seen  from  an  hohstic  or  System  analytic  pomt  of  view  it  is  stated 
that  each  System  is  incorporated  m  larger  hierarchically  higher  Systems.  Flence,  the  Sys¬ 
tem  must  fit  in  the  higher  ones.  So  there  must  be  hypothesized  systemic  conditions  that 
hmit  and  design  the  realization  of  a  System.  That  is  not  saying  that  a  feed-back  to  the 
genotype  must  be  included  in  this  hypothesis. 

System  on  three  time  levels 

A  biological  System  exists  along  three  time  levels:  The  evolutionary,  the  develop¬ 
mental,  and  the  momentary  time  level.  This  report  focusses  on  the  third  time  level,  neg- 
lecting  for  this  moment  both  other  time  levels,  and  hence  tries  to  answer  the  “why  not 
different”-question  only  on  the  momentary  time  level. 

Causal  models 

The  limits  of  a  System  are  defined  by  the  biological  roles  or  functions  studied.  The 
infinite  totality  of  structural  and  action  parameters  of  a  System  are  abstracted  by  selec¬ 
tion  of  characteristic  parameters.  These  parameters  should  be  put  together  in  a  causal 
model  to  clarify  the  particular  investigated  role.  The  “causal”  refers  to  the  structure  of 
the  model,  which  is:  If  structure  A  shows  action  1,  then  this  will  result  in  action  2  of 
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structure  B  to  fulfil  the  particular  role.  As  soon  as  the  causal  model  is  formulated,  three 
“follow  up”  terms  are  used;  (1)  Construction  =  the  set  of  selected  structural  parame- 
ters  used  in  the  causal  model,  and  (2)  Operation  =  the  same  for  the  actional  parame- 
ters,  and  (3)  Rolefulfilment  =  the  set  of  role  parameters  selected  to  be  clarified  in  the 
causal  model. 

The  functioning  feeding  System  of  birds  can  be  formulated  as  chains  of  causal  mod- 
els.  Finally  these  chains  will  tend  to  form  ring-like  networks.  The  ring  can  be  sub- 
divided  roughly  in  7  Steps:  Relative  muscle  forces  to  (1)  movements  of  sustaining  ele- 
ments  to  (2)  movements  of  surface  structures  to  (3)  movements  of  food  to  (4)  taste  and 
touch  Signals  to  (5)  exteroceptive  brain  activity  to  (6)  a — y  motor  neuron  activity  to  (7) 
relative  muscle  forces.  The  first  four  Steps  are  called  the  biomechanics,  the  last  three 
Steps  are  called  the  biocybernetics  of  the  System  (cf.  a  more  detailed  picture  in  Fig.  1). 


BIRD'S  FEEDING  SYSTEM  AS  A  RINGNETWORK  FOR  CAUSAL  MODELS 


BIOCYBERNETICS 


Figure  1.  A  bird’s  feeding  Sys¬ 
tem  as  a  ring  network  for  causal 
models  (explanation  in  the  text). 


Optimizing  and  systemizing 

It  is  stated  from  the  foregoing  that  it  must  be  ascertained  if,  and  if  so  which,  alterna¬ 
tives  for  a  System  are  realizable.  Therefore,  the  causal  models  should  be  falsified  and 
after  that  transposed  into  the  original  one  or  alternatives.  The  following  question  is 
formulated  to  arrive  at  falsifying:  How  should  construction  and  Operation  be  realized 
for  a  particular  quantitative  rolefulfilment,  if  all  other  rolefulfilments  were  absent?  And 
for  the  reversed  transposition:  If  such  a  realization  is  formulated  for  all  rolefulfilments 
of  a  System,  how  are  these  realizations  transposable  into  one  System?  Therefore,  three 
hypotheses  are  used:  (1)  the  actual  System  is  the  result  of  some  balance  between  two 
opposing  drives:  a  shaping  and  a  deformating  one,  and  (2)  the  shaping  drive  is  pre- 
sented  by  optimization  (of  the  causal  models  for  all  of  its  different  rolefulfilments),  and 
(3)  the  deformating  drive  is  presented  by  systemization  (of  the  optimized  causal  mod¬ 
els).  Game  theory  is  advantageous  for  tracing  rules  for  systemization.  The  different 
rolefulfilments  are  to  be  seen  as  opponents  playing  a  game  with  reference  to  structural 
and  action  parameters.  The  game  has  one  basic  rule:  If  one  of  the  original  quantitative 
rolefulfilments  “gets  hurt”  a  further  transposition  of  parameters  is  to  be  stopped. 
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Research  strategy 

The  research  strategy  is  summarized  as  follows:  (1)  selection  of  main  roles  of  the 
System,  (2)  structure,  actlon  and  role  analyses,  (3)  causal  model  formulation  as  an 
operating  construction  fulfilling  a  particular  role,  (4)  optimizing  causal  models  for  the 
main  rolefulfilments  in  quantitative  terms,  (5)  systemizing  the  optimized  causal  models 
by  gaming,  and  (6)  experimental  or  natural  test. 

Food  discrimination,  straining  and  pecking 

First  the  biological  roles  are  selected.  If  a  trained  mallard  is  offered  a  mixture  of 
equal  weights  in  water  of  rounded  seeds  with  increasing  diameters  (mow  seeds 
~  0.7  mm,  millet  ~  1.0  mm,  round  seeds  ~  1.5  mm,  spherical  seeds  ~  2.0  mm)  it  first 
strams  millet,  then  1.5  mm  seeds,  while  mow  seeds  are  thrown  out  at  the  mouth  Cor¬ 
ners,  then  mow  seeds,  then  2.0  mm  seeds.  This  Order  of  preferences  leads  to  two  conclu- 
sions.  The  mallard  is  able  to  set  his  straining  feeding  System  for  a  particular  diameter 
of  food  once  the  seeds  are  selected  priorily  on  their  taste.  The  taste  detection  must  take 
place  far  rostrally  in  the  beak,  and  the  diameter  detection  by  touch  must  take  place 
between  or  even  in  front  of  the  beak  tips.  Similar  conclusions  are  drawn  from  the 
“pea-clay  ball”  experiments  of  Zweers  &  Wouterlood  (1973).  It  is  stated  that  during 
pecking,  the  third  role  on  which  is  focussed,  discrimination  is  similar  but  has  a  different 
tolerance  and  effectiveness. 


Biocybernetics 

The  structure  analyses  resulted  so  far  m  a  confirmation  with  the  general  picture  of 
senses  and  central  connections  as  known  from  the  hterature.  However,  a  series  of  new 
findings  is  made  that  completed  the  picture  and  made  the  omissions  clear. 

The  highly  organized  bill  tip  organ  (cf.  Fig.  2  for  numbers,  15)  for  touch  Sensation  is 
described  by  Berkhoudt  (1976).  The  complicated  maxillary  cushion  (9)  in  the  upper 
bill  tip  has  a  field  of  huge  corpuscles  of  Herbst  and  has  a  group  of  taste  buds  around 
the  monostomatic  openings  of  the  glandulae  maxillaris  (16)  (Berkhoudt,  1977).  Net¬ 
work  fields  of  both  types  of  avian  touch  corpuscles  lie  in  the  tongue  (8),  upper  and 
lower  beak  (18)  and  underneath  the  lamellae  (7,  19).  A  second  newly  found  taste  area 
is  situated  far  rostrally  in  the  lower  beak  (9),  third  and  fourth  area  is  found  dorsal  to 
the  lingual  cushion  in  the  upper  beak  (1 1).  These  taste  fields  lie  along  the  food  track  at 
places  where  the  food  is  relatively  at  rest. 

The  subdivision  of  the  ganglion  semilunare  (20)  and  the  nucleus  principalis  nei-vi  tri- 
gemini  (30)  into  4  parts  was  found  by  Dubbeldam  (1975,  1978).  The  lauer  has  a  maxil¬ 
lary,  a  mandibular,  an  ophthalmic  and  an  unexpected  glossopharyngeal  projection 
area.  This  suggests  a  bringing  together  in  a  “touch-processing”  information  running  via 
quite  different  nerves  (V  and  IX)  and  originating  periferally  in  areas  which  cooperate 
closely  in  their  biomechanics.  A  similar  feature  is  found  for  a  “taste-processing”  area  in 
the  nucleus  principalis  nervi  facialis  (35,  sVIId  in  Dubbeldam,  1977)  where  taste  infor¬ 
mation  could  arrive  via  the  nervus  facialis  and  nervus  glossopharyngeus.  Final  projec¬ 
tion  of  the  afferent  trigeminal  nerves  is  also  found  in  the  nucleus  oralis  (31),  n.  interpo- 
laris  (32),  n.  caudalis  (33)  and  the  substantia  gelatinosa  (34).  Ascending  projection  is 
found  so  far  only  from  the  n.  caudalis  into  the  thalamus  (27)  (p.  c.  Arends)  and  via  the 
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Figure  2.  Nerve  Connections  of  the  feeding  System  with  the  central  nervous  System  of  the  mallard 

(explanation  in  the  text). 


well  known  huge  tractus  quinto  frontalis  (38)  into  the  nucleus  basalis  (24,  Dubbeldam, 
MS.).  No  other  ascending  projections  are  found  at  yet.  Feed  back  on  the  motor  nuclei 
is  to  be  traced. 


Biomechanics 

The  mechanical  part  of  the  feeding  System  consists  of  three  Subsystems:  The  mus- 
cle-bone-ligament,  the  surface  structure,  and  the  glandular  Subsystem. 

The  muscle  hone  System 

This  part  is  composed  of  a  beak  and  a  tongue  System.  Both  Systems  must  be 
described  very  accurately  starting  with  the  sustaining  elements,  with  emphasis  on  joint 
structures  and  on  rigidity  or  elasticity  of  bones  and  cartilage.  This  serves  to  enable  the 
abstraction  into  a  line  diagram  in  which  bars,  their  freedom  of  movement  and  flexibil- 
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ity  are  shown.  Next  the  ligaments  are  described  and  abstracted  as  unstretchable  but  fold- 
able  lines  connecting  points  on  ihe  bars,  thus  restricting  the  possibilities  of  the  move- 
ments.  Finally  the  muscles  are  described  in  very  great  detail  to  enable  their  abstraction 
as  working  lines.  These  lines  generally  run  between  origin  and  insertion,  they  indicate 
the  most  probable  lines  along  which  forces  can  be  developed  on  the  basis  of  position  of 
muscle  fibers  and  aponeuroses.  These  working  lines  decide  which  movements  can  be 
carried  out.  Once  the  Systems  are  abstracted  in  this  way,  the  actual  change  of  position 
of  the  sustaining  elements  must  be  traced  durmg  the  studied  roles:  Peckmg  and  strain- 
This  IS  done  by  X-raymg  and  filmmg,  and  frame  by  frame  analysis.  Simultaneously 
electi  omyograms  must  be  made  of  all  the  muscles  mvolved  to  learn  which  force  gen- 
erators  aie  active  to  perform  the  movements.  Once  the  workmg-hne  diagram  is  avail- 
able  and  transposed  into  a  series  of  diagrams  in  which  the  change  of  positions  of  bars 
and  lines  is  indicated  according  the  movement  analysis  of  the  selected  role,  a  causal 
model  can  be  formulated.  Therefore  the  emg  of  each  muscle  is  to  be  transposed  into  a 
vector.  The  direction  of  the  vector  is  known  from  the  position  of  the  working  lines. 
The  relative  size  of  the  vector  is  calculated  by  multiplication  of  the  relative  phys- 
iological  cross-section  of  the  muscle  and  relative  size  of  the  integrated  emg.  These  val- 
ues  are  drawn  in  the  series  of  working  line  diagrams.  The  question  to  be  answered  for 
the  movements  in  the  beak  System  in  the  first  causal  model  in  the  “causality  ring”  is: 
Can  the  vector  diagram  in  the  stage  prior  to  the  present  one  explain  the  position  of  the 
beak  tips  m  the  present  stage?  (cf.  Zweers,  1974  for  strammg).  The  same  question 
holds  for  the  rostrocaudal  movements  of  tongue  and  glottis,  and  the  dorsoventral 
movements  of  lingual  tip,  lingual  bulges  and  lingual  cushion  (cf.  Zweers  et  ah,  1977, 
for  straining,  and  Zweers  &  Kooloos,  1978,  for  pecking). 

The  surface  structure  System  —  Straining 

The  third  model  in  the  “causality  ring”  clarifies  the  actual  change  of  the  position  of 
food  as  a  result  of  movements  of  the  surfaces  structures.  The  suctioning  action  of  food 
and  water  can  be  compared  with  that  of  a  suction  pressure  pump.  Therefore  the  System 
IS  looked  upon  as  a  cilinder  (beak)  with  an  inflow  opening  (beak  tips)  and  outflow 
opening  (lamellar  area)  in  which  two  pistons  move  which  simultaneously  act  as  valves 
(lingual  bulges  and  lingual  cushion).  The  filtering  action  is  described  as  a  film  trans- 
porting  System.  Seeds  are  strained  by  the  juxtapositioned  upper  and  lower  beak  lamel- 
lae.  Lower  beak  lamellae  move  the  seeds  dorsally  into  the  longitudinal  maxillar  groove. 
The  lingual  scrapers  transport  them  caudally  into  the  pharynx  between  the  lingual 
cushion  and  glottis,  where  they  are  collected.  The  swallowing  is  done  by  forcing  the 
bolus  over  the  glottis  into  the  esophagus.  Transporting  down  into  the  esophagus  by 
peristaltics  takes  place  after  a  second  collectioning  phase  far  rostral  in  the  esophagus 
(cf.  Zweers  et  ab,  1977). 

Pecking 

The  causal  model  for  pecking  is  subdivided  in  the  following  phases:  Grasping,  sta- 
tioning,  throwing  (and  shot),  transporting,  collecting  I,  swallowing,  collecting  II,  peri¬ 
staltics.  The  last  four  phases  are  similar  to  those  for  straining.  Straining  lacks  the  grasp, 
the  stationing  and  the  throw  plus  shot.  Pecked  peas  are  stationed  by  lingual  tip  move- 
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menis  which  are  similar  to  those  of  pecking  pigeons.  The  lingual  tip  runs  almost  verti- 
cal  rostralwards,  thus  pushing  the  pea  between  the  closing  beak  tips,  then  the  tip  is 
pushed  underneath  the  pea  while  the  head  moves  backward  and  the  beak  Starts  to  open. 
The  pea  is  shot  caudally  by  the  push  of  the  flexible  rostrally  running  lingual  tip  at  the 
moment  the  highest  point  moves  underneath  the  pea  and  just  prior  to  the  opening  of 
the  beak.  Simultaneously  the  head  moves  forward  again  and  the  tongue  caudally.  The 
combination  of  shot  and  fast  rostral  movement  of  the  head  results  in  a  pea  thrown  cau- 
dal  into  the  beak,  even  caudal  relative  to  the  tongue  although  the  tongue  is  moving 
caudally  (cf.  Zweers  &  Kooloos,  1978). 

Quantified  rolefulfilment 

Tolerance  and  effectivity 

The  last  section  showed  clearly  that  one  structure  has  two  different  actions  to  serve 
two  different  roles.  Before  any  further  comparison  is  done  the  quantitative  rolefulfil¬ 
ment  must  be  measured. 


Figure  3.  Seeds  and  peas  swallowed  in  20  sec- 
onds  by  straining  or  pecking  (explanation  in 
the  text). 


Tolerance  is  defined  as  the  ränge  of  diameters  of  food  particles  (from  peas  to  mow 
seeds  in  6  Steps)  that  a  mallard  is  able  to  consume.  Some  individuals  try  vigorously  to 
swallow  peas  but  stay  unable  to  do  so,  similarly  some  individuals  pump  water  with  mow 
seeds  again  and  again,  but  stay  unable  to  strain  them.  Thus  quantification  must  be  car- 
ried  out  on  an  individual  basis.  Effectivity  is  defined  as  the  amount  of  food  ingested  per 
time  unit.  For  pecking  and  straining  peas  the  effectivity  is  found  equally  effective.  The 
smaller  the  diameter  of  the  seeds  the  more  effective  is  the  straining  (cf.  Fig.  3). 
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Optimizationandsystemization 

Pea  consuming  has  been  used  for  a  first  approach  optimization.  Pea  straining  is  opti- 
mized,  that  is  to  say  made  faster,  by  (1)  increase  of  the  frequency  of  the  movemcnts, 
and  (2)  increase  of  the  pumping  volume  per  cycle,  etc.  Further  Splitting  of  the  second 
change  results  in  (1)  lengthening  and  widening  of  the  mouth,  (2)  stiffening  of  the  lin¬ 
gual  tip  to  arrive  at  better  guidance  of  the  waterstream,  etc.  Pea  pecking  can  be  made 
faster  by  (1)  increase  of  the  frequency  of  the  movement  cycles,  and  (2)  shortening  of 
the  food  track,  etc.  Focussing  on  the  second  aspect  teaches  a  further  Splitting  by  (1) 
shortening  of  the  beak  and  the  tongue,  (2)  straightening  of  the  food  track,  (3)  removal 
of  obstacles  such  as  lingual  ears,  lingual  cushion,  maxillary  teeth,  etc. 

From  the  foregoing  we  arrive  at  the  following  conclusions; 

(1)  Since  increase  of  frequency  optimizes  both  roles,  either  the  optimization  hypo- 
thesis  is  wrong  or  there  is  interference  with  other  roles  such  as  discrimination.  Hence 
the  biocybernetical  models  are  now  a  first  consideration. 

(2)  Smce  increase  of  beak  length  optimizes  straining  and  decrease  optimizes  pecking 
it  IS  clear  that  some  compromise  is  worked  out.  The  way  they  mterfere  is  traceable  by 
describing  rules  according  which  these  models  are  systemized  (i.c.  made  one  System). 

(3)  Since  the  elastic  lingual  tip  and  bulges  are  decisive  for  pecking  and  the  lingual 
cushion  for  straining,  it  is  clear  that  sometimes  no  compromise  can  be  made.  If  any  is 
desired  from  systemizing  our  optimized  models,  a  System  must  be  rearranged  in  its 
totality  so  that  totally  different  alternatives  may  be  expected. 
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Ökomorphologische  Freiland-  und  Laboratoriumsuntersuchungen 

Bernd  Leisler 

Einleitung 

Zentrales  Thema  in  der  Ökomorphologie  ist  die  Frage,  wie  einzelne  Strukturen  oder 
Funktionskomplexe  taxonomischer  Einheiten  (Art,  Gattung),  ökologischer  Einheiten 
(Gilden,  Communities)  oder  konvergenter  Organismen  (ökologische  Vertreter)  zur 
Fitness  des  Organismus  bzw.  der  Organismen  beitragen.  Durch  die  Arbeiten  von  Bock 
(1977)  und  Peters  et  al.  (1971)  besitzen  wir  neuerdings  ein  gutes  theoretisches  Kon¬ 
zept  der  Ökomorphologie  mit  durchdachter  Begriffsdarlegung  und  Verfahrensregeln. 
Die  einzelnen  Schritte  der  Untersuchung  einer  Anpassung  lassen  sich  durch  die  Fra¬ 
gen:  was  (Form),  wie  (Funktionieren,  Konstruktion)  und  wozu  („Fungieren“,  biologi¬ 
sche  Rolle)  charakterisieren. 

Wenn  man  davon  ausgeht,  daß  bei  der  Untersuchung  einer  Anpassung  die  Konstruk¬ 
tionsanalyse  die  zentrale  Stelle  einnimmt  und  daß  ein  Schluß  von  der  biologischen 
Rolle  einer  Struktur  auf  ihre  Konstruktion  nicht  möglich  ist  (Peters  et  al.  1971),  ist 
klar,  daß  nur  eine  Kombination  von  Laboratoriums-  und  Freilandarbeit  zum  Ziel  füh¬ 
ren  kann. 


Die  integrierte  Untersuchung 

Von  Bock  (1977)  gibt  es  einige  Vorschläge,  wie  solche  kombinierten  Studien 
gemacht  werden  sollten.  Entscheidend  ist,  daß  es  während  der  gesamten  Studie  zu 
einer  ständigen  Rückkoppelung  zwischen  Laboratoriums-  und  Freilandarbeit  kommt. 
Bei  der  Feststellung  der  biologischen  Rolle  eines  Merkmales  ergeben  sich  Schwierigkei¬ 
ten  aus  der  Kompromißnatur  fast  aller  Konstruktionsteile  des  Organismus  und  aus 
ihrer  funktionellen  Interdependenz.  Eine  breite  Kenntnis  der  gesamten  Naturge¬ 
schichte  der  untersuchten  Art(en)  ist  daher  nötig.  Bei  einer  zuwenig  breit  angelegten 
Studie  ist  die  Gefahr  groß,  wesentliche  Dinge  zu  übersehen,  wie  folgendes  Beispiel 
zeigt: 

Spring  (1971)  machte  bei  seiner  vergleichenden  Untersuchung  der  Anpassungen 
zweier  Lummenarten  (Uria  lomvia,  U.  aalge)  eine  ausgezeichnete  Analyse  des  Skelett- 
Muskel-Systems,  stützte  sich  aber  bei  der  ökologischen  Interpretation  weitgehend  auf 
die  umfangreiche  Literatur  über  die  beiden  Arten.  Folgende  Anpassungen  an  den  Nah¬ 
rungserwerb  der  weiter  nördlich  verbreiteten  Dickschnabellummen  arbeitete  Spring  an 
Gefangenschaftsvögeln  heraus:  sie  tauchen  tiefer,  aber  weniger  wendig  als  Trottellum¬ 
men,  sie  sind  bessere  Langstreckenschwimmer  und  stabilere  Schwimmer.  Dies  und  ihr 
besseres  Flugvermögen  stehen  in  Beziehung  zu  ihrer  Nahrungssuche  in  größerer  Ent¬ 
fernung  vom  Brutplatz,  in  tieferem  Wasser,  im  Rütteln,  wodurch  die  Art  vom  Vorkom¬ 
men  pelagischer  Fische  unabhängig  wurde.  Die  daraus  resultierende  Betonung  des 
Brustabschnittes  und  der  Vorderextremität  bei  der  Dickschnabellumme  sind  unverein¬ 
bar  mit  gutem  Gehvermögen,  wie  es  die  andere  Art  besitzt.  Durch  den  Verzicht  auf 
Freilandarbeit  entging  Spring  die  Feststellung  einer  möglichen  anderen  wichtigen  bio- 
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logischen  Rolle  der  längeren,  größeren  und  weniger  flächenbelastenden  Flügel  (Karta- 
SCHEW  1960)  der  Dickschnabellumme,  nämlich  bei  der  Nutzung  der  artspezifischen 
Neststandorte  (Flugmanöver  beim  Landen  sind  bei  Rüppell  1971  dargestellt).  Williams 
(1974)  verglich  Neststandorte  und  Verhalten  der  beiden  Arten.  Er  fand,  daß  Dick¬ 
schnabellummen  stets  direkt  an  ihren  Nestern  auf  sehr  schmalen  Felssimsen  „punktlan¬ 
den  können,  während  Trottellummen,  die  in  offeneren  Situationen  brüten,  an  unbe¬ 
setzten  Stellen  landen  und  von  dort  zu  ihren  Nestern  gehen.  Während  ihrer  arktischen 
Entstehung  dürfte  die  Dickschnabellumme  starkem  Selektionsdruck  zur  Nutzung 
schmaler  Felssimse  ausgesetzt  gewesen  sein.  So  wäre  es  notwendig  zu  untersuchen, 
weiche  Flügelmerkmale  unter  diesem  Selektionsdruck  entwickelt  wurden  und  wie  diese 
Anpassungen  mit  anderen  (z.  B.  für  Nahrungserwerb  und  Zug)  zusammengewirkt 
haben.  Das  Beispiel  zeigt,  daß  die  Angepaßtheit  einer  Struktur  nur  zu  verstehen  ist, 
wenn  alle  ihre  biologischen  Rollen,  die  sie  spielt,  erkannt  wurden,  und  daß  eine  biolo¬ 
gische  Rolle  einer  Struktur  stets  in  Beziehung  zu  einem  Selektionsfaktor  der  Umwelt 
gesehen  werden  muß. 

Ich  habe  einen  großen  Teil  des  ökomorphologischen  Schrifttums  unter  dem 
Gesichtspunkt  durchgesehen,  zu  welchen  Anteilen  in  den  einzelnen  Arbeiten  deskrip¬ 
tive,  funktionelle  Morphologie  bzw.  Verhalten  und  Ökologie  bearbeitet  wurden.  (Ein 
Verzeichnis  dieser  Literatur  kann  beim  Autor  angefordert  werden.)  Von  wenigen  Aus¬ 
nahmen  abgesehen,  dominiert  meist  der  morphologische  Teil  deutlich.  Im  folgenden 
möchte  ich  einiges  zu  den  beiden  Bereichen  anmerken. 


Ökologie  und  Verhalten 

Wegen  der  unterschiedlichen  Eragestellungen  ist  es  nicht  möglich,  generelle  Vor¬ 
schläge  zu  machen,  was  bei  Analysen  der  biologischen  Rolle  und  ökologischer  Fakto¬ 
ren  untersucht  werden  soll.  Bei  Vögeln  wurden  hauptsächlich  Anpassungen  der  Bewe- 
gungs-  und  Ernährungsweise  analysiert. 


Freiland 

Hier  fehlen  noch,  besonders  bei  vergleichenden  Untersuchungen,  Quantifizierungen 
ökologischer  und  ethologischer  Beobachtungen  (etwa  Quantifizierungen  bestimmter 
Nahrungserwerbtaktiken  oder  der  Frequentierung  bestimmter  Orte  der  Nahrungs¬ 
suche,  Strata,  Substrate).  Durch  den  Einsatz  neu  entwickelter  Meßmethoden  (Vegeta¬ 
tionsmessungen  MacArthur  &  MacArthur  1961)  und  den  Einsatz  verschiedener 
Geräte  (Stoppuhren,  Tonband  zur  Registrierung,  event-recorder,  Cody  1968, 
Dawkins  1971)  können  viele  ökologische  und  ethologische  Beobachtungen  auf  eine 
quantitative  Basis  gestellt  werden.  In  zunehmendem  Maße  können  auch  komplizierte 
technische  Geräte  wie  spezielle  Zeitlupenkameras  unter  Freilandbedingungen  ange¬ 
wandt  werden. 

Laboratorium 

Ein  beträchtlicher  Teil  der  Untersuchungen  von  Anpassungen  sollte  an  Gefangen¬ 
schaftsvögeln  gemacht  werden.  An  Vögeln,  die  unter  naturnahen  Bedingungen  gehal¬ 
ten  werden,  lassen  sich  Beobachtungen  machen  und  Registriermethoden  anwenden,  die 
im  Ereiland  nicht  durchzuführen  sind.  Ein  großer  Vorteil  der  Laboratoriumsarbeit  ist, 
daß  unter  standardisierten  Bedingungen  beobachtet  werden  kann  und  daß  im  Experi- 
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ment  bestimmte  Bedingungen  konstant  gehalten,  andere  geändert  werden  können.  An 
drei  Schwirl-Arten  (Locustella)  habe  ich  zum  Beispiel  durch  Filmanalysen,  durch  Expe¬ 
rimente  mit  einen  Fiindernis  und  durch  Herstellung  von  Fußspuren  Unterschiede  in  der 
Bewegungsweise  gefunden,  deren  biologische  Bedeutung  im  Freiland  geklärt  werden 
konnte  (Leisler  1977). 

Eine  schöne  Kombination  von  Freiland-  und  Laboratoriumsuntersuchungen  ist  die 
Arbeit  von  Partridge  (1976  a)  über  Nahrungserwerb  und  Nahrungstechnik  einer 
nadelwald-  bzw.  laubwaldbewohnenden  Meisenart  (Tannenmeise,  Parus  ater;  Blau¬ 
meise,  P.  caeruleus).  Nach  Freilandbeobachtungen  nutzen  die  beiden  Arten  auf  dersel¬ 
ben  Baumart  unterschiedliche  Substrate  und  suchen  in  unterschiedlicher  Haltung  nach 
Nahrung.  Die  Nahrungserwerbstechniken  wurden  im  Freiland  nur  qualitativ  erfaßt.  Sie 
wurden  an  Gefangenschaftsvögeln  in  Experimenten  mit  künstlichen  Bäumen  und 
künstlichen  Objekten,  in  denen  versteckte  Nahrung  auf  verschiedene  Weise  erreichbar 
war,  untersucht.  Artspezifische  Geschicklichkeitsunterschiede  beim  Nahrungserwerb 
der  beiden  Arten  konnten  auf  diese  Weise  festgestellt  werden,  ohne  daß  diese  durch 
unterschiedliche  Beutetiervorkommen  oder  unterschiedliche  Beutetiertypen  beeinflußt 
waren. 


Morphologie 

Obwohl  der  Konstruktionsanalyse  die  zentrale  Stellung  bei  Untersuchungen  von 
Anpassungen  zukommt,  wird  bei  vielen  ökomorphologischen  Arbeiten  auf  sie  verzich¬ 
tet.  Statt  dessen  zieht  man  Ergebnisse  an  anderen  Gruppen  aus  der  Literatur  heran.  Die 
Auswirkungen  auf  die  eigenen  Untersuchungen  bei  solchem  Vorgehen  hängen  davon 
ab,  wie  ähnlich  die  Strukturen  sind  und  funktionieren  bzw.  wie  ähnlich  die  biologi¬ 
schen  Rollen  sind,  die  sie  erfüllen,  und  wie  gut  die  Konstruktionsanalyse  ist,  auf  die 
man  sich  bezieht.  Gefahren  bei  derartigem  Vorgehen  drohen  zum  einen  daher,  daß  von 
falschen  oder  unvollständigen  Funktionsvorstellungen  ausgegangen  wird,  zum  ande¬ 
ren,,  vor  allem  bei  Konstruktionen,  die  vielfältig  eingesetzt  werden  (wie  z.  B.  Hinterex¬ 
tremität,  Schnabel),  daher,  daß  nicht  alles  „Funktionieren“  und  alles  „Fungieren“ 
berücksichtigt  wurde.  Partridge  (1976  h)  untersuchte  Beinlänge  und  -proportionen  bei 
vier  europäischen  Parus-Anen:  Sie  war  außerstande,  ihre  ökologisch-ethologischen 
Ergebnisse  über  die  Bewegungsweisen  mit  den  anatomischen  Befunden  in  Einklang  zu 
bringen.  Ohne  Konstruktionsanalyse  übernahm  sie  die  funktionelle  Interpretation  von 
allgemeinen  Ergebnissen  an  anderen  Gruppen,  wie  Baum-  oder  Bodenleben  oder  Hän¬ 
gen  an  Zweigen  die  Beinproportionen  von  Singvögeln  beeinflussen.  Für  die  Blaumeise, 
die  am  häufigsten  in  Rückenlage  hängt,  erwartete  Partridge  die  kürzesten  Tarsen, 
stellte  aber  nicht  in  Rechnung,  daß  nach  ihren  eigenen  Befunden  die  Art  häufig  auch 
vertikale  Substrate  benutzt  —  eine  Tatsache,  die  auch  aus  der  Winterökologie  der 
Blaumeise  bekannt  ist.  So  hätte  eine  Kompromißanpassung  sowohl  für  Hängen  als 
auch  für  Vertikalklettern  erwartet  werden  müssen.  Vernünftige  Vorstellungen  über 
Erfordernisse  eines  Klettei-vogels  ohne  Stützschwanz  auf  vertikalen  Substraten  besit¬ 
zen  wir  erst  seit  dem  Modell  von  Winkler  &  Bock  (1976).  Das  Modell  sagt  voraus, 
daß  in  solchen  Situationen  der  Besitz  sehr  langer,  stark  beugbarer  Beine  am  günstigsten 
sein  müßte.  Berücksichtigt  man  diese  Eunktionserfordernisse,  so  wird  die  relativ  große 
Tarsuslänge  der  Blaumeise  verständlich.  Derartige  allgemeine  Ergebnisse  mußten  häu¬ 
fig  in  ihrer  Gültigkeit  eingeschränkt  und  modifiziert  werden:  So  haben  bodenlebende 
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Singvögel  gewöhnlich  lange  Läufe.  Bei  Fnngilhden  stellte  jedoch  Freiwell  (1969)  fest, 
daß  sich  Arten,  die  häufig  scharren,  durch  den  Besitz  kurzer  Läufe  auszeichnen. 

Obwohl  die  Funktionsmorphologie  in  den  letzten  30  Jahren  große  Fortschritte 
gemacht  hat  (Bock  1974,  1977),  fehlt  es  noch  an  funktionellen  Analysen  komplexer 
Skelett-Muskel-Systeme  ähnlich  den  Untersuchungen  der  Hinterextremität  (Cracraft 
1971),  des  Flügels  (Bilo  1971,  Nachtigall  &  Kempf  1971)  und  des  Schnabels  (Bock 
1964,  ZiswiLER  1965,  Zweers  1974). 

Es  fehlt  weiter  an  Arbeiten,  die  neue  Modelle  beschreiben,  an  einfachen  Arbeiten, 
bei  denen  eine  Struktur  geändert  wird,  um  deren  Wirkungsweise  zu  verstehen  (z.  B. 

Riehm  1970),  und  an  der  Beschreibung  natürlicher  Experimente  (Übersicht  bei  Part- 
RIDGE  1976  b). 


Viele  unserer  Kenntnisse  vom  Funktionieren  verschiedener  Körperteile  sind  noch 
ungenügend  oder  falsch.  Hier  könnte  der  Einsatz  multivariater  Verfahren  einigen 
Eortschritt  bringen  (Winkler  &  Leisler,  in  Vorbereitung).  Das  soll  anhand  einer 
Untersuchung  der  Flugapparatur  einiger  sich  ökologisch  wie  systematisch  nahestehen¬ 
der  Sylviidengattungen  {Locustella,  Acrocephalus,  Sylvia,  15  Arten)  aufgezeigt  werden. 
Das  Großgefieder  wurde  anhand  von  Messungen  von  Flügel-  und  Schwanzfedern  mit¬ 
tels  einer  Hauptkomponentenanalyse  (PCA)  analysiert.  18  nach  dem  derzeitigen 
Kenntnisstand  funktionell  bedeutsame  Merkmale  wurden  berücksichtigt  (s.  Tabelle  1). 
Nach  den  Korrelationen  mit  den  ursprünglichen  Variablen  lassen  sich  die  Komponen¬ 
ten  funktionsmorphologisch  folgendermaßen  interpretieren:  Komponente  I  faßt  Merk¬ 
male  von  Streckenfliegern  zusammen,  Komponente  II  Merkmale  von  extrem  runden 


Tabelle  1;  Funktionskomplex  „Flugapparatur“ 


Merkmal 

Hauptkomponente  (PC) 

I  II  III 

1  Alula 

0,42 

-0,07 

0,66 

2  Fiandschwinge  X 

—  0,12 

0,88 

0,11 

3  Handschwinge  IX 

0,75 

-0,62 

0,16 

4  Handschwinge  VIII 

0,98 

-0,15 

0,02 

5  Handschwinge  VII 

0,98 

0,19 

—  0,07 

6  Handschwinge  VI 

0,90 

0,42 

0,00 

7  Kerbe  X 

-0,37 

0,70 

0.14 

8  Kerbe  IX 

0,40 

0,63 

1 

o 

oo 

9  Kerbe  VIII 

0,34 

0,80 

—  0,23 

10  Kerbe  VII 

0,22 

0,87 

-0,13 

1 1  Armschwinge  1 

0,75 

0,61 

0,11 

12  Armschwinge  9 

0,69 

-0,34 

0,50 

13  Schwanz 

0,37 

0,44 

0,74 

14  Schwanzstufung 

-0,70 

-0,14 

0,63 

15  Flügellänge  —  X 

0,74 

-0,60 

-0,05 

16  Flügellänge  —  Al 

0,38 

-0,78 

1 

o 
o  ' 

CD 

17  Schwanz/Flügel 

-0,29 

0,41 

0,76 

18  Flügellänge 

0,97 

0,10 

0,05 

Prozent  der  erklärten  Varianz 

40,7 

30,8 

14,5 

Gesamt 

86,0 
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Flügeln  mit  hoher  Manövrierfähigkeit.  Die  Merkmale  von  Komponente  III  lassen  sich 
so  interpretieren:  Ausgeprägte  Alulae  funktionieren  als  Hochauftriebserzeuger  bei 
hochangestellten  Flügeln  beim  Langsamflug  und  beim  Landen  (Nachtigall  &  Kempf 
1971),  der  Schwanz  erfüllt  verschiedene  Aufgaben. 

Die  Ansichten  über  das  Funktionieren  der  aufgefächerten  Handschwingen  und  ihr 
Zusammenwirken  mit  der  Alula  sind  kontrovers  (Kokshaysky  1977).  Savile  (1957)  und 
Brown  (1963)  nehmen  an,  daß  beide  Zusammenwirken  und  „the  two  together  do  make 
a  functional  propelling  wing  tip,  which  can  operate  at  high  angles  of  attack  and  thereby 
develop  large  hft  at  low  speeds“  (Brown  1963).  So  hätte  man  Alula  und  Kerben  der 
Handschwingen  in  einer  Komponente  erwarten  müssen,  während  sie  tatsächlich  in 
zwei  verschiedenen  liegen.  Dies  könnte  bedeuten,  daß  hier  falsche  Funktionsvorstellun¬ 
gen  vorliegen. 

Tatsächlich  hat  Hummel  (1980)  gezeigt,  daß  aufgespaltene  Flügelspitzen  die  Längs¬ 
stabilität  erhöhen,  bei  begrenzter  Spannweite  den  induzierten  Widerstand  reduzieren, 
den  Schub  möglichst  groß  machen,  aber  den  Maximalauftrieb  nicht  erhöhen.  Sie  wir¬ 
ken  also  nicht  wie  der  Daumenfittich,  was  völlig  mit  den  vorliegenden  Befunden  über¬ 
einstimmt. 

Durch  derartige  Analysen  können  also  konkrete  Fragen  an  Funktionsmorphologen 
formuliert  werden,  das  Funktionieren  einer  oder  das  Zusammenwirken  mehrerer 
Strukturen  bei  der  untersuchten  Gruppe  zu  klären. 


Abb.  1.  Hauptkompo¬ 
nentenanalyse  von  18 
Merkmalen  des  Funk¬ 
tionskomplexes  „Flugap¬ 
paratur“  einiger  mittel¬ 
europäischer  Sylviinen. 
Korrelationen  der  18 
Merkmale  mit  den  ersten 
3  Hauptkomponenten  in 
Tab.  1.  Komponente  I 
repräsentiert  zuneh¬ 
mende  Eigenschaften 
von  Streckenfliegern, 
Komponente  II  zuneh¬ 
mende  Eigenschaften  von 
Eckenfliegern,  Kompo¬ 
nente  III  bedeutet 
zunehmende  Schwanz¬ 
länge-  und  -Stufung  und 
zunehmende  Alulalänge. 

Abkürzungen  und  Symbole:  Locustella  =  o,  LI  =  L.  luscinioides,  Ln  =  L.  naevia,  Lf  =  L.  fluvia- 
tilis,  Sylvia  =  □,  Sa  =  S.  atricapilla,  Sb  =  S.  borin,  Sn  =  S.  nisoria,  Sco  =  S.  communis,  Scu  = 
S.  curruca,  Acrocephalus  =  A ,  Ap  =  H.  palustris,  Apa  =  A.  paludicola,  Asch  =  A.  schoenobaenus, 
Aa  =  A.  arundinaceus,  As  =  A.  scirpaceus.  Am  =  A.  melanopogon,  =  Hippolais  icterina. 

Ordination  of  some  Central  European  Sylviid  warblers  on  the  first  three  principal  components  constructed  by 
analysis  of  18  characters  of  the  flight  apparatus.  Correlations  between  original  characters  and  principal.  com¬ 
ponents  are  shown  in  Tab.  1.  Component  I  represents  increasing  qualities  of  high  performance  fliers,  compo- 
nent  II  increasing  qualities  of  thicket  fliers,  component  III  represents  increasing  length  of  tail  and  alula  and 

graduation  of  tail. 
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Weiter  können  sich  durch  den  vergleichenden  multivariaten  Ansatz  Hinweise  auf 
verschiedene  biologische  Rollen  einer  Struktur  bei  einzelnen  Arten  ergeben.  Beispiel: 
In  Abbildung  1  ist  die  Ordinierung  der  untersuchten  Einheiten  nach  den  Merkmalen 
zunehmende  Spitz-  und  Langflügeligkeit  (PC  I),  zunehmende  Rundflügeligkeit  (PC 
II),  zunehmende  Schwanz-,  Alulalänge  (PC  III)  dargestellt.  Schlechte  Flieger  würden 
sich  links  unten  finden,  das  sind  die  Locustella-KTitn  und  der  Seggenrohrsänger  (Acro- 
cephalus  paltidkola).  Bei  der  Beziehung  von  Komponente  I  und  III  läßt  sich  erkennen, 
daß  bei  der  Mehrzahl  der  Arten  mit  zunehmender  Lang-,  Spitzflügeligkeit  die 
Schwanz  ,  Alulalänge  zunimmt.  Einzelne  Gruppen  oder  Arten  weichen  von  diesem 
Trend  ab,  folgen  also  anderen  adaptiven  Wegen,  z.  B.  die  Schwirle  (Locustella).  Diese 
Gruppe  hat  bei  schlechter  Flugfähigkeit  sehr  lange  gerundete  Schwänze.  Das  legt  nahe, 
daß  der  Schwanz  bei  ihr  andere  Funktionen  erfüllt  als  bei  den  anderen  untersuchten 
Gattungen.  Wahrscheinlich  wirkt  er  bei  den  Schwirlen  eher  als  Balancierorgan  und 
spielt  eine  wichtige  biologische  Rolle  beim  Durchschlüpfen  der  dichten  Vegetation 

(Gaston  1974).  Derartige  Hinweise  können  dann  in  gezielten  Studien  überprüft  wer¬ 
den. 
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Summary 

Comparative  field  and  laboratory  analysis  of  ecological  morphology 

An  adaptation  can  only  be  analysed  sufficiently  if  the  faculty  as  well  as  the  biological  role  of  a 
trait  are  known.  As  an  mference  from  a  biological  role  of  a  structure  to  its  function  is  not  possible 
it  IS  obvious  that  only  a  combmation  of  laboratory  and  field  work  can  be  successful. 

The  central  theme  of  ecomorphology  is  how  single  features  or  functional  units  in  single  tax- 
onomic  groups  (species,  genus)  or  ecological  groups  (guilds,  communities)  or  in  groups  of  con- 
°^8^"‘sms  (ecological  equivalents)  contribute  to  the  fitness  of  the  respective  organisms. 
Dilhculties  m  assessing  the  biological  role  of  a  feature  arise  from  the  fact  that  almost  all  parts  of 
an  organism  are  a  result  of  compromises  and  that  they  are  strongly  interdependent.  Therefore  a 
broad  knowledge  of  the  entire  life  history  of  the  species  investigated  is  necessary.  Thus  adapta- 
tions  are  analysed  best  m  mtegrated  studies.  A  review  of  ecomorphological  papers  shows  that  the 
many  gaps  still  left  in  our  knowledge  stem  from  the  lack  of  appropriate  ecological  and  quantita¬ 
tive  behavioural  data  and  from  the  failure  to  combine  field  and  laboratory  work. 

Often  species  specific  behaviour  is  to  be  ascertained  more  easily  in  captive  birds  under  stand- 
ardized  experimental  conditions  than  in  the  field.  In  a  comparative  approach  similarities  or  con- 
trasts  between  closely  related  species  often  help  to  clarify  biological  roles  in  individual  species  It  is 
risky  to  leave  out  a  proper  functional  analysis  of  a  structure  and  to  infere  its  functional  Interpreta¬ 
tion  from  general  results  on  other  groups.  Our  knowledge  of  the  functioning  of  some  structures  is 
often  insufficient  or  incorrect.  Here  the  application  of  multivariate  methods  might  bring  some 
progress.  Principal  component  analysis  of  several  characters  of  one  functional  unit  can  yield  a 
more  detailed  picture  of  functional  interrelations.  Moreover  it  can  reveal  still  unknown  correla- 
tions  of  characters. 
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V.  ZiSWILER 


All  our  lectures  so  far  have  shown  that  morphology  represents  a  fundamental  branch 
of  ornithology,  which  — contrary  to  widespread  opinion  — still  faces  a  multitude  of 
unsolved  problems.  Functional  morphological  research  can  be  an  end  in  itself,  but  it 
can  also  render  decisive  Information  in  other  fields  such  as  systematics  and  phylogeny. 
Most  of  all,  however,  it  can  serve  in  a  most  important  way  to  bring  to  light  and  help  us 
understand  patterns  of  evolution  both  in  general  and  in  detail  (Ziswiler,  1977). 

I  would  like  to  show  how  this  can  be  done  by  illustrating  directly  out  of  our  own 
field  of  research.  Having  convinced  ourselves  that  the  most  important  evolutionary 
trends  amongst  birds  lie  in  the  region  of  food-specialization,  we  have  been  trying  to 
reconstruct  evolutionary  processes  by  making  comparative  and  functional-anatomical 
investigations  in  the  entire  alimentary  tract.  We  already  have  results  of  more  than 
10  higher  taxa  at  hand,  and  our  methods  have  now  become  almost  standardized 
(Güntert  &  Ziswiler,  1972;  Homberger  &  Ziswiler,  1972;  Homberger,  1979;  Zis¬ 
wiler,  1964,  1965,  1967  a,  b,  c,  1968;  Ziswiler  &  Farner,  1972). 

One  important  area  of  research  is  devoted  to  questions  concerning  the  favourite 
food  of  a  certain  species,  how  exclusively  this  species  is  bound  to  a  favourite  food,  and 
how  far  this  species  has  moved  away  from  a  more  omnivorous  state.  We  try  to  answer 
these  questions  in  various  ways,  namely  by  field  observation,  by  investigating  the  crop 
and  stomach  contents,  and  also  by  studying  the  food-preference  of  birds  in  captivity. 
By  directly  observmg  and  examining  the  stomach  contents  of  parrot-finches  (Erythmra) 
we  were  able,  for  example,  to  prove  that  within  these  species  certain  types  are 
extremely  specialized  in  their  feeding  habits.  E.  kleinschmidti  and  E.  cyaneovirens  regia, 
for  example,  live  almost  entirely  on  the  fruit  and  seeds  of  various  Ficus  species  — this 
compnses  90  %  of  their  diet— whereas  E.  hyperythra  feed  specifically  on  bamboo  seeds 
(Ziswiler,  Güttinger  &  Bregulla,  1972).  Food-preference  tests  on  more  than 
150  species  showed  us  that  the  fringillids  (Fringillidae)  choose  to  eat  mainly  herbal 
seeds  (dicotyledons),  whereas  emberizids  (Emberizidae),  ploceids  (Ploceidae)  and 
estrildids  (Estrildidae)  prefer  to  eat  gramineous  seeds. 


Once  we  have  discovered  in  what  way  a  certain  species  has  become  specialized,  we 
then  try  to  determine  what  functional  capacities  a  bird  must  develop  in  order  to  rec- 
ognize  favourite  food,  acquire  it  and  digest  it  in  the  most  rational  way  possible.  Thus  it 
became  evident  in  the  case  of  granivorous  birds  that  they  should  find  some  way  of 
opening  the  kerneis  before  swallowing  them.  With  the  aid  of  slowmotion  films  we  were 
able  to  discover  that  songbirds  have  developed  two  completely  different  methods  for 
opening  the  seeds;  the  fringillids  slice  them  open  and  the  emberizids,  ploceids  and 
estrildids  squeeze  them  out  of  the  shell.  Correlated  with  these  highly  specialized  func- 
tions  we  further  postulated  that  there  are  subtle  tactile  control-devices  in  the  tongue 
and  bucal  regions  (Krulis,  1978;  Ziswiler  &  Trnka,  1972). 

Another  important  functional  area  is  food  storage.  Seeds  are  never  found  evenly  dis- 
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tributed  over  a  biotope;  they  are  irregularly  distributed  wherever  there  are  seminifer- 
ous  plants.  Hence  a  granivorous  bird  which  has  discovered  a  source  of  food  must  find  a 
way  of  gathering  as  many  seeds  as  possible  at  one  time.  Here  the  problem  arises  of  how 
to  Store  the  food  in  the  area  between  the  pharynx  and  the  glandular  stomach.  Further- 
more,  if,  when  bringing  up  its  young,  such  a  bird  does  not  want  to  adjust  itself  to  eat- 
ing  insects,  which  are  more  evenly  distributed  and  which  can  be  carried  by  the  parent 
bird  in  its  beak  to  the  nest,  there  ist  the  additional  problem  of  how  to  regurgitate  the 
stored  seeds. 

Other  functional  areas  which  demand  special  adaptations  from  granivorous  birds 
are,  for  example,  the  preparation  of  a  specific  spectrum  of  digestive  enzymes,  the 
increased  mucus  production  in  the  esophagus  to  facilitate  the  passage  of  the  somewhat 
dry  seeds,  and  the  increased  resorption  ability  of  the  mucosa  of  the  intestine. 

Once  we  have  recognized  a  specific  functional  area  connected  with  food-specializa- 
tion,  we  then  turn  to  the  morphological  structures,  which  had  to  be  adapted  in  order 
to  make  a  particular  function  possible.  In  the  case  of  the  above-mentioned  special  func- 
tions  among  granivorous  birds,  the  following  structures  proved  to  be  especially  inter- 
esting:  The  horny  palate  and  mandible  of  those  songbirds  which  slice  open  and  those 
which  squeeze  out  seeds  show  different  specific  structures.  The  “slicers”  have  in  their 
palate  deep  furrows,  which  converge  at  the  front  in  order  to  wedge  in  the  seeds;  also 
the  mandible  has  razor-sharp  edges.  The  “squeezers”  on  the  other  hand  press  the  seeds 
out  with  one  or  both  of  their  blunt  mandible  edges  against  specially  constructed  abut- 
ments,  protruding  bulges  or  saddle-like  elevations.  This  method  also  requires  the 
tongue  to  Support  the  seed,  and  this  calls  for  special  stiffening  devices.  This  stiffness, 
incidentally,  was  acquired  by  different  families  in  different  ways.  The  ploceids  (Bock  & 
Morony,  1978)  and  estrildids  developed  special  sesamoid  bones  independent  of  the 
Ossa  entoglossa;  estrildids  and  some  fringillids,  on  the  other  hand,  stiffen  their  tongue 
even  more  by  swelling  the  venous  sinuses  in  a  similar  way  to  the  erection  of  the  penis  of 
a  mammal. 

This  complicated  method  of  opening  seeds  demands  constant  tactile  control.  Our 
search  for  the  relevant  sensory  receptors  led  us  to  discover  not  only  new  types  of  sen- 
sory  corpuscles  but  also  the  specific  functional  patterns  of  distribution  of  these  corpus- 
cles. 

In  the  case  of  crows,  different  types  of  pharyngial  pouches  or  a  stretchable  esopha¬ 
gus  take  over  the  above-mentioned  storage  function  (Bock,  1961,  1973);  in  the  case  of 
the  fringillids,  emberizids,  ploceids  and  estrildids,  it  is  always  an  expandible  portion  in 
the  mid-esophagal  area,  the  crop.  The  histological  examination  of  these  crops  led  us  to 
discover  that  even  here  among  these  four  groups  there  are  fundamental  differences. 
The  emberizids  and  ploceids  have  crops  for  storage  only— the  food  cannot  be  regurgi- 
tated;  the  formet  have  spindle-shaped  crops,  the  latter  can  develop  huge  sack-like 
diverticula.  The  muscle-layers  of  the  crop  wall  are  identical  to  those  of  the  rest  of  the 
esophagus. 

The  crops  of  the  fringillids  have  an  entirely  different  structure.  The  circular  muscle 
layer  of  the  muscularis  propria  is  three  times  thicker  than  the  rest  of  the  esophagus 
wall,  and  50  %  of  it  contains  striated  multi-nuclear  fibres.  This  very  special  formation 
is  closely  connected  with  the  feeding  habits  of  the  fringillids,  which  feed  their  young  by 
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regurgitating  the  crop  contents  in  small  portions  by  means  of  a  short  jerky  movement. 
This  regurgitation  is  possibly  caused  by  a  single  contraction  of  the  powerful  circular 

muscle  layer,  whereas  the  subsequent  dilatation  of  the  crop  is  possibly  a  passive  move¬ 
ment. 

In  the  case  of  the  estrildids,  it  is  not  only  the  circular  muscle  layer  which  is  very  thick 
but  also  the  interlongitudinal  muscle  of  the  muscularis  mucosae;  these  two  muscle  Sys¬ 
tems  built  crosswise  against  each  other  suggest  an  antagonistic  function,  which  is  con- 
firmed  by  the  singulär  way  in  which  the  estrildids  feed  their  young.  The  adult  bird 
clasps  the  beak  of  the  young  bird  in  its  own  and  the  food  is  transferred  by  a  prolonged 
pumping  action.  We  surmise  that  m  this  process  the  circular  muscle  is  responsible  for 
the  contraction  and  the  interlongitudinal  muscle  for  the  dilatation  of  the  crop. 

For  me  personally,  the  most  fruitful  research  area  connected  with  the  tracing  of  evo- 
lutionary  paths  is  the  search  for  principles  which  determme  the  mcrease  of  the  epithel¬ 
ial  surfaces.  The  granivorous  birds  adapted  themselves  morphologically  in  this  respect 
by  increasing  the  efficiency  of  the  mucus-producing  esophageal  glands  on  the  one 
hand,  and  by  enlarging  the  resorptive  inner  surface  of  the  intestines  on  the  other.  In  the 
case  of  the  esophageal  glands,  our  granivorous  birds  developed  very  different  methods. 
The  emberizids,  which  possess  simple  tubulär  glands  hke  insectivorous  or  fructivorous 
birds,  increased  the  number  of  glands  by  three  times  the  normal  amount.  The  fringillids 
mcreased  the  working  capacity  of  their  gland  System  by  linking  up  various  single  glands 
to  multi-lobar  complexes  with  a  common  duct  System,  whereby  the  duct  System  is 
equipped  with  a  special  stratified  epithehum.  Finally  the  more  omnivorous  forms  of 
ploceids  and  estrildids  possess  alveolar  glands,  which  are  subdivided  m  the  exclusively 
granivorous  birds  by  septa  of  connective  tissue  subdivding  them  into  separate  cham- 
bers. 

As  opposed  to  the  insectivorous  and  fructivorous  birds,  all  granivorous  birds  show  a 
general  tendency  to  increase  their  resorptive  intestinal  surface  as  much  as  possible. 
There  are  many  different  ways  of  doing  this:  nevertheless  we  have  still  been  able  to 
trace  the  way  back  to  the  basic  pattem,  which  consists  of  a  zigzag  fold  surface.  Within 
the  crow  family  we  have  a  particularly  fine  example  of  such  a  line  of  development  from 
mterrupted  zigzag  lamellae  via  displaced  lamellae  right  up  to  a  hexagonal  honeycomb 
pattem. 

What  can  we  conclude  from  all  these  morphological  findings? 

Our  most  significant  conclusions  are  the  negative  ones,  that  is  to  say,  when  we  can 
prove  that  two  forms  or  groups  have  reached  a  form  of  specialization  by  means  of 
entirely  different  functional  and  morphological  adaptations,  then  this  specialization 
indicates  convergence.  To  return  to  our  granivorous  birds;  If,  for  example,  the  fringil¬ 
lids  slice  the  seeds  open,  whereas  the  estrildids  squeeze  them  out,  if  the  ploceids  stiffen 
their  tongue  by  developing  a  sesamoid  bone,  whereas  the  estrildid  pump  their  tongues 
with  venous  blood,  if  the  emberizids  increase  the  number  of  their  esophagus  glands 
threefold,  whereas  the  ploceids  subdivide  them  into  separate  chambers,  we  can  con¬ 
clude  that  each  of  these  four  groups  evolved  from  different  omnivorous  or  insectivo¬ 
rous  ancestors,  especially  if  we  consider  that  these  groups  differ  not  only  in  the  charac- 
teristics  we  have  mentioned,  but  that  they  differ  from  each  other  in  117  out  of  150 
characteristics  which  have  been  compared. 
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And  now  the  positive  conclusion.  If  two  different  forms  or  taxa  have  developed  the 
same  secondary  adaptations  in  Order  to  meet  the  requirements  of  a  certain  kind  of  spe- 
cialization,  this  indicates  that  they  could  somehow  be  closely  related.  I  must  add  that  a 
positive  assumption  such  as  this  is  not  as  conclusive  to  the  same  extent  as  the  negative 
one,  since  there  is  always  the  possibility  that  these  adaptations  are  merely  conver- 
gences.  However,  the  more  similarities  we  can  ascertain  when  comparing  different 
forms,  the  more  likely  it  is  that  we  can  come  to  a  positive  conclusion.  This  method 
enables  us  to  classify  taxonomically  disputed  forms.  It  has  helped  us,  for  example,  to 
relate  the  brambling  and  the  chaffinch  to  the  family  of  the  fringillids,  the  snow-finch 
and  the  viduinae  to  the  family  of  the  ploceids. 

By  making  detailed,  complex  functional-morphological  analyses  of  certain  specific 
adaptations  over  a  wide  spectrum  of  forms  we  have  even  been  able  to  reconstruct  com- 
plete  evolutionary  tracks.  This  is  possible  when  we  can  show  that  a  series  of  forms 
developed  a  considerable  number  of  similar  functional  or  morphological  adaptations  in 
their  attempt  to  specialize  in  a  certain  way.  We  have,  for  example,  been  able  to  trace 
such  evolutionary  tracks  amongst  the  genus  of  parrot-finches.  Forms  such  as  Erythrura 
psittacea,  E.  pealii,  E.  cyaneovirens  and  E.  regia  show  an  increasing  tendency  to  limit 
their  nourishment  from  granimeous  seeds  specifically  to  herbal  seeds,  and  again  from 
herbal  seeds  specifically  to  a  diet  comprising  almost  entirely  of  fig  seeds.  This  speciali- 
zation  is  accompanied  by  the  adaptational  readjustment  from  squeezing  seeds  out  of 
the  Shells  to  slicing  them  open,  and  also  by  an  increasing  complication  of  the  structure 
of  the  compound  glands  of  the  glandular  stomach  and  the  inner  surface  of  the  intes- 
tines.  At  the  same  time  the  discovery  of  this  evolutionary  process  has  helped  us  to  re¬ 
construct  the  distribution  of  the  parrot-finches  in  the  South  West  Pacific  area,  which  led 
from  New  Guinea  via  New  Caledonia  — Fiji  — and  Samoa  back  to  the  New  Hebrides. 

To  summarize,  I  would  say  that  functional  morphology  is  still  the  most  fruitful  and 
reliable  source  of  Information  for  an  omnispective  and  phylogenetically  orientated  tax- 
onomy. 
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The  Neuroanatomical  Basis  of  Avian  Neuroendocrine  Systems 

A.  Oksche 

Nerve  cells  with  both  neuronal  and  secretory  properties  form  the  Basic  elements  of 
neuroendocrine  Systems  (Bargmann,  1977;  Scharrer,  1978;  Scharrer  &  Scharrer, 
1963).  Due  to  their  neuronal  nature  they  must  be  considered  as  integral  components  of 
the  neuronal  machinery  of  the  brain.  The  secretory  activity  of  these  cells  is  character- 
ized  by  the  elaboration  of  granulär  material  within  the  Golgi  complex.  Biologically 
active  peptides  or  biogenic  amines  may  be  bound  to  such  materials.  Only  neurosecre- 
tory  messengers  that  enter  the  vascular  compartment  and  act  on  remote  target  Organs 
qualify  as  neurohormones.  Other  neuroendocrine  cells  contact  their  target  cells 
directly  and  exert  a  neurohumoral  influence  via  their  neurotransmitters  or  neuromodu- 
lators.  Thus,  the  neuroendocrine  apparatus  transforms  nervous  signals  into  chemical 
messages  and  forms  a  link  between  the  nervous  and  endocrine  Systems.  Although  an 
essential  part  of  the  neuroendocrine  System  is  concentrated  in  the  hypothalamus,  it  is 
not  the  only  site  of  neuroendocrine  activity  in  the  vertebrate  brain. 


Figure  1.  Basic  neurosecretory 
mechanisms  in  the  avian  brain. 
1 :  Release  of  neurohormones 
into  the  general  circulation 
(posterior  lobe  System).  2: 
release  of  neurohormones  into 
the  portal  circulation  of  the 
hypophysis  (anterior  lobe  Sys¬ 
tem).  3:  release  of  biologically 
active  agents  into  the  cerebros¬ 
pinal  fluid  (circumventricular 
Organs): ->•  =  outer  Segment  of 
a  sensory  neuron,  =  ependy¬ 
mal  tanycyte.  4;  neurohumoral 
contact  with  epithelial  cells  (pars 
tuberalis).  5:  synaptic  contact 
(release  of  neurotransmitters  or 
modulators).  6:  conventional 
neuron.  Afferent  fibers  form 
multiple  axo-dendritic  and  axo- 
somatic  synapses  with  neurose¬ 
cretory  neurons.  (Drawing  by 
D.  Vaihinger). 

Since  birds  have  evolved  from  archosaurian  reptiles  and  mammals  from  mammal- 
like  reptiles,  the  reptilian  brain  provides  the  key  for  comparing  avian  and  mammalian 
central  nervous  Systems  (Oksche,  1976).  The  avian  hypothalamo-hypophysial  axis  has 
attained  a  high  degree  of  morphological  and  functional  specialization,  by  no  means 
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inferior  to  that  observed  in  mammals  (Oksche  &  Farner,  1974;  Oksche,  1977).  How- 
ever,  in  contrast  to  the  mammals,  the  birds  still  possess  conspicuous  groups  of  cere¬ 
brospinal  fluid-contacting  neurons  which  are  concentrated  in  the  nonciliated  areas  of 
circumventricular  Organs  (Sterba  &  Bargmann,  1977)  (Fig.  1).  Some  of  these  Organs 
have  the  characteristics  of  sensors,  others  are  dominated  by  secretory  elements.  The 
majority  of  the  avian  circumventricular  Organs  are  located  within  the  hypothalamus. 
The  lauer  extends  from  the  lamina  terminalis  to  the  mammillary  body. 


Figure  2.  Diagrammatic  representation  of  the  hypothalamo-hypophysial  connections  in  a  passer¬ 
ine  bird  (Zonotrichia  leucophrys  gambelii).  Note  particularly  the  neurohemal  sites:  NL  neural  lobe, 
AME  anterior  median  eminence,  PME  posterior  median  eminence,  and  the  Neurosecretory  path- 
ways:  1,  2  pathways  from  the  rostral  hypothalamus  to  the  AME;  3  pathway  to  the  neural  lobe;  4, 
5  sequential  pathways  from  the  mediobasal  hypothalamus  to  the  AME  or  PME.  Note  the  portal 
vessels  to  the  pars  distalis  (PD).  CHO  optic  chiasma.  (For  further  details,  see  Oksche  &  Farner, 

1974;  courtesy  Springer-Verlag). 

For  structural  and  functional  reasons  the  hypothalamus  can  be  subdivided  into  ros¬ 
tral  (preoptic  and  supraoptic)  and  caudal  (tuberal)  portions.  There  are  two  major  sites 
for  release  of  hypothalamic  neurohormones;  (i)  the  neural  lobe  of  the  hypophysis,  and 
(ii)  the  median  eminence  with  its  anterior  and  posterior  divisions  (Fig.  2).  Patterned 
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bundles  of  axons  bearing  specific  agents  are  directed  toward  these  neurohemal  Organs. 
However,  not  all  of  the  secretory  neurons  of  the  rostral  and  tuberal  Hypothalamus  are 
connected  with  neurohemal  areas.  Their  axons  may  also  project  to  extrahypothalamic 
sites  to  terminate  synaptically  on  ordinary  neurons  (neurotransmitter  or  modulator 
type  of  action)  (Fig.  1).  Since  immunocytochemistry  and  microfluorimetry  have  opened 
up  new  prospects  for  the  selective  Identification  and  mappmg  of  secretory  neurons,  the 

classical  typology  of  magnocellular  and  parvocellular  elements  has  become  less  impor¬ 
tant. 

Immunocytochemical  studies  have  shown  that,  by  analogy  with  Vasopressin-  and 
oxytocin-producmg  cells  of  mammals,  vasotocm  and  mesotocm  are  produced  in  sepa¬ 
rate  neurons  of  the  avian  hypothalamus  (Starling,  Zebra  Finch,  Japanese  Quail).  The 
distribution  of  vasotocm  and  mesotocm  neurons  follows  a  discrete  pattem  character- 
ized  by  a  different  ratio  of  both  neuronal  types  in  the  single  subdivisions  of  the  classical 
magnocellular  nuclei  (Goossens  et  ah,  1977).  Vasotocin  neurons  are  dominant  in  the 
rostral  portion  of  the  supraoptic  nucleus.  Mesotocin  neurons  are  most  conspicuous  in 
the  lateral  part  of  the  supraoptic  nucleus  and  especially  m  the  paraventricular  nucleus. 
The  pathway  to  the  neural  lobe  contains  vasotocinergic  and  mesotocinergic  fibers,  and 
the  neural  lobe,  consequently,  a  speciesdependent  pattem  of  both  types  of  terminals.  In 
contrast,  the  external  zone  (pahsade  layer)  of  the  anterior  median  eminence,  which 
stains  selectively  with  all  dyes  of  the  Gomori  type,  contains  only  vasotocinergic  fiber 
elements  (Calas,  1974;  Goossens  et  ah,  1977;  Bons  et  ah,  1978).  However,  at  the  elec- 
tron  microscopical  level,  the  elementary  granules  of  the  external  zone  are  considerably 
smaller  m  diameter  than  those  of  the  neural  lobe:  130 — 180  nm  (average  150  nm)  ver¬ 
sus  200  250  nm.  By  analogy  with  mammals  and  on  the  basis  of  some  experimental 

evidence  in  birds,  it  may  be  that  the  immunoreactive  material  of  the  external  zone  is 
closely  correlated  to  or  even  identical  with  the  corticotropin  releasing  factor  (GRF). 
The  latter  is  released  mto  the  portal  circulation  and  transported  to  the  anterior  lobe 
(pars  distalis)  of  the  hypophysis.  It  may  be  produced  in  specialized  periventricular  neu¬ 
rons  of  the  supraoptic  and  paraventricular  nuclei. 

In  contrast  to  the  vasotocinergic  elements  of  the  palisade  layer,  which  are  restricted 
to  the  anterior  median  eminence,  LHRH-immunoreactive  fibers  occur  in  both  subdivi¬ 
sions  of  the  avian  median  eminence  (domestic  Mallard,  Japanese  Quail).  In  addition, 
the  lamina  terminalis  is  a  target  site  of  these  fibers.  To  date,  the  corresponding 
LHRH-immunoreactive  perikarya  have  been  found  exclusively  m  the  preoptic  hypo¬ 
thalamus  (Bons  et  ah,  1977,  1978;  Oksche,  1978).  As  there  is  strong  experimental  evi¬ 
dence  that  the  basal  tuberal  hypothalamus  plays  a  major  role  m  gonadotropic  regula- 
tion,  or  even  in  production  of  gonadotropinreleasing  hormone(s),  the  problem  of  the 
hierarchy  and  interplay  of  gonadotropic  centers  still  remains  enigmatic  (Yokoyama  et 
ah,  1978). 

Immunocytochemical  proof  for  a  TRH-system  in  birds  is  lacking. 

The  avian  hypothalamus  (domestic  mallard)  is  rieh  in  somatostatinimmunoreactive 
neurons.  The  perikarya  of  these  cells  are  located  in  the  vicinity  of  the  lamina  terminalis 
and  along  the  supraoptic  and  paraventricular  nuclei  (Blähser  et  ah,  1978).  In  the  ante¬ 
rior  portion  of  the  paraventricular  nucleus  they  may  be  intermingled  with  vasotocin- 
and  mesotocin-immunoreactive  cells.  The  axons  of  Somatostatin  neurons  project  to  an 


220 


SYMPOSIUM  ON  ENDOCRINOLOGY 


extensive  area  of  the  external  Zone  of  the  median  eminence,  especially  to  its  rostral 
division. 

In  contrast  to  mammals,  the  basal  tuberal  Hypothalamus  of  birds  is  free  of  microflu- 
orimetrically-detectable  dopamine  neurons  (Oksche  &  Farner,  1974).  Aminergic  peri- 
karya  occur,  however,  in  the  paraventricular  organ  (dopamine  and  serotonin  neurons) 
and  around  the  preoptic  recess. 

The  anterior  median  eminence  receives  a  conspicuous  axonal  input  from  the  rostral, 
pretuberal  and  tuberal  Hypothalamus,  whereas  the  posterior  median  eminence  is  sup- 
ported  by  multiple,  serially  arranged  tuberal  Systems  (Oksche  &  Farner,  1974;  Fig.  2). 
These  Systems,  at  least  in  passerine  birds,  may  establish  point-to-point  Connections  with 
the  hypophysial  portal  circulation.  Only  a  part  of  these  fiber  Systems  has  been  iden- 
tified  by  immunocytochemical  and  microfluorimetric  methods.  In  birds,  the  tuberal  and 
rostral  portions  of  the  Hypothalamus  are  extremely  rieh  in  neuronal  perikarya  contain- 
ing  different  types  of  electron  microscopically-detectable  elementary  granules.  Appar- 
ently,  the  avian  Hypothalamus  produces  different,  to  date  only  partly  identified,  pep- 
tides  with  a  wide  ränge  of  biological  properties.  After  the  discovery  of  endorphins, 
enkephalins  and  other  brain  peptides,  the  concept  of  the  peptidergic  neuron  has  been 
considerably  extended  (Scharrer,  1978).  In  contrast  to  mammals,  these  new  aspects 
have  not  been  elucidated  in  birds. 

Additional  Information  is  also  needed  with  respect  to  the  ascending  noradrenergic 
Systems  that  have  been  thoroughly  investigated  in  mammals.  In  birds,  noradrenergic 
fibers  originating  in  the  lower  brainstem  supply  the  centers  of  the  tuberal  and  the  ros¬ 
tral  Hypothalamus.  The  phylogenetically  archaic  periventricular  region  of  the  avian 
Hypothalamus  is  extremely  rieh  in  noradrenergic  afferents  (Hartwig,  1975). 

The  noradrenergic  elements  in  the  median  eminence  apparently  belong  to  the 
ascending  brainstem  System  (Calas,  1974;  Hartwig,  1975).  However,  we  have  yet  to 
understand  the  neuronal  and  tanycytic  (glial)  apparatus  of  this  neurohemal  region. 
Principally,  peptidergic  and  aminergic  elements  may  interact  at  the  level  of  the  neu¬ 
ronal  perikarya  in  the  nuclear  area,  and/or  at  the  level  of  the  axon  terminals  in  the 
external  layer  of  the  median  eminence.  To  date,  this  problem  has  not  been  resolved.  In 
addition,  experimental  evidence  in  birds  does  not  speak  in  favor  of  a  significant  role  for 
the  tanycytes  in  the  transport  of  gonadotropic  neurohormones  across  the  median  emi¬ 
nence,  at  least  under  physiological  conditions  (Uemura  &  Kobayashi,  1977).  On  the 
other  hand,  the  aminergic  innervation  of  tanycytes  does  have  an  effect  on  the  uptake  of 
tracer  molecules  from  the  cerebrospinal  fluid  (Nozaki  et  ah,  1975). 

This  general  neuroanatomical  review  may  serve  as  a  topographical  and  structural 
basis  for  the  analysis  of  the  role  of  the  rostral  and  tuberal  Hypothalamus  in  the  photo- 
periodic  control  of  gonadotropin  secretion.  Further,  it  may  promote  discussion  of  the 
“encephalic  photoreceptor(s)”,  circadian  oscillators  and  the  mechanisms  of  “biological 
clocks”  (Yokoyama  et  ah,  1978).  ln  photoperiodic  responses  of  birds,  time  and  photo- 
sensitivity  must  be  considered,  the  latter  depending  on  circadian  components  within  the 
mechanism  (Farner  et  ah,  1977). 

Since  this  Symposium  is  focussed  on  problems  of  the  hypothalamohypophysial  axis, 
the  pineal  body,  a  self-sustaining  circadian  oscillator  and,  at  the  same  time,  an  impor¬ 
tant  circumventricular  neuroendocrine  organ,  has  been  excluded  from  the  present  com- 
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munication  (see  Gwinner,  1980;  Harwig,  1980;  Menaker,  1980):  The  most  complex 
circumventricular  Organs,  e.  g.  the  subfornical  organ,  may  encompass  sensors  and  neu- 
roendocrine  effectors  (Sterba  &  Bargmann,  1977).  The  receptor  apparatus  of  these 
oigans  may  be  controlled  by  peptidergic  and  aminergic  afferents  and  act  on  hypothal- 
amic  Centers  involved  in  regulatory  mechanisms.  Unfortunately,  the  problem  of  the 
central  nervous  projections  of  circumventricular  organs  has  been  overlooked  by  many 
neurobiologists. 


With  the  new  functional  implications  in  mind,  the  classical  scheme  of  the  hypothal- 
amic  nuclei  as  anatomical  and  functional  units  appears  to  be  too  rigid.  Therefore,  in  an 
attempt  to  elucidate  the  intrinsic  Organization  of  the  avian  hypothalamus,  a  new  con- 
cept  should  be  presented  (Oksche  &  Farner,  1974;  Oksche,  1976,  1977).  In  the  avian 
hypothalamus  cluster-like  groups  of  neuronal  perikarya  and  the  afferents  of  these  cell 
complexes  are  arranged  in  a  patterned  manner.  Among  the  reptiles,  the  cluster-like 
subunits  first  become  conspicuous  in  crocodiles  and  snakes. 

The  subunits  of  the  hypothalamic  nuclei  are  formed  by  steroid-binding  neurons, 
nerve  cells  producing  different  types  of  neurohormones  and  neurotransmitters,  inter- 
neurons,  intrinsic  collaterals  and  afferents  of  differing  origin,  including  limbic  and 
ascending  aminergic  projections.  These  structural  elements  are  embedded  in  highly 
speciahzed  zones  of  the  neuropile,  rieh  in  patterned  arrangements  of  synapses.  This 
synaptic  apparatus  may  be  essential  for  a  guided  propagation  of  excitation  along  cer- 
tain  channels  and  cireuits.  Further,  it  may  provide  the  anatomical  basis  for  convergence 
and  divergence,  Integration  of  external  and  internal  Information  and  finally  for  func- 
tional  Isolation  of,  or  interaction  between,  spatially  adjacent  neuronal  Systems.  Thus, 
gonadotropic,  thermoregulatory,  osmoregulatory  and  dipsogenic  Systems  might  func- 
tion  properly  m  spite  of  their  location  within  a  minute  hypothalamic  area.  Their  net- 
like  spatial  arrangements,  displaying  local  nodular  aggregations  of  functionally  related 
neurons,  appear  to  be  consistent  with  the  concepts  of  neuronal  networks.  The  increa- 
sing  functional  complexity  of  the  hypothalamus  depends  primarily  on  the  proliferation 
of  neuronal  clusters,  the  differentiation  of  specific  synaptic  patterns  and  the  formation 
of  highly  organized  integrative  centers. 
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Monoaminergic  and  Peptidergic  Systems  of  the  Avian  Hypothalamus 
(with  Special  Reference  to  the  Median  Eminence 
and  the  Organum  Vasculosum  Laminae  Terminalis) 


A.  Calas  and  O.  Bosler 

Introduction 

Photoperiodic  avian  species  such  as  the  duck  are  good  models  for  the  study  of  neu- 
roendocrine  mechanisms  (Benoit  &  Assenmacher,  1955;  cf.  Follett,  1973).  A  key 
area  in  these  mechanisms  is  the  hypothalamic  median  eminence  (ME).  In  birds,  the  pri- 
mary  plexus  of  the  hypophyseal  portal  System  lies  only  on  the  surface  of  the  median 
eminence,  allowing  a  clearcut  distinction  between  an  inner  Zone  where  bundles  of  alde- 
hyde-fuchsm  (AF)  positive  peptidergic  fibers  directed  to  the  neural  lobe  are  localized, 
and  an  outer  region  containing  endmgs  of  neurosecretory  adenohypophysiotropic 
axons  (AF  +  in  rostral  part,  AF  -  in  the  caudal  part).  This  simplified  anatomical 
Organization  has  generated  many  cytophysiological  studies  of  this  neurohemal  area 
with  special  reference  to  its  monoaminergic  (MA)  and  peptidergic  innervation  (Sharp 
&  Follett,  1970;  Warren-Soest  et  ah,  1973;  Calas,  1975;  Goossens  et  ah,  1977). 
More  recently,  morphological  and  cytophysiological  studies  have  been  carried  out  on 
another  circumventricular  structure,  the  organum  vasculosum  laminae  terminalis 
(OVLT)  which  lies  with  respect  to  the  optic  chiasma  in  the  same  relative  position  as  the 
ME  (Mikami  1976;  Bosler,  1977).  In  the  present  paper,  we  summarize  data  collected 
in  our  laboratory  on  the  duck  ME  and  OVLT  and  discuss  their  monoaminergic  and 
peptidergic  innervations. 


Material  and  methods 

Most  of  the  investigations  have  been  carried  out  in  adult  male  Peking  ducks,  Anas 
platyrhynchos.  Some  data  have  been  also  collected  from  adult  male  quails,  Coturmx 
coturnix  japonica  and  pigeons,  Columba  livia  domestica.  Monoaminergic  inneiwation 
was  first  studied  by  Standard  fluorescence  histochemistry  after  pharmacological  Inhibi¬ 
tion  of  monoamineoxidase  and,  in  some  cases,  after  tryptophan  pretreatment.  Some  of 
the  preparations  were  then  analyzed  by  microspectrofluorimetry  (Calas  et  ah,  1974) 
Owing  to  the  limitations  in  resolution  of  the  histofluorescence  technique  and  its  poor 
sensitivity  for  the  detection  of  serotonin,  we  have  also  examined  the  monoaminergic 
innervation  of  the  two  Organs  using  a  radioautographic  technique  (Aghajanian  et  ah, 
1966;  Descarries  &  Droz,  1970):  tritiated  noradrenaline  (-^H-NA)  and  serotonin 
(^H-5  HT),  when  administered  in  vitro  or  by  an  intracerebroventricular  (ICV)  route, 
are  taken  up  and  retained  by  specific  monoaminergic  fibers  selectively  thus  allowing 
their  histological  and  ultrastructural  radioautographic  identification  (Calas,  1973; 
Calas  &  Segu,  1976).  Peptidergic  innervation  has  been  investigated  by  immunocyto- 
chemical  techniques  using  antisera  (AS)  against  LH-RH  or  vasotocin  (AVT)  (Calas  et 
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al.,  1973,  1978).  The  reactive  sites  were  detected  on  histological  sections  by  use  of  the 
indirect  immunofluorescence  or  PAP  methods.  For  electron  microscopy,  two  different 
procedures  were  used:  formaldehyde-fixed  thick  sections  were  exposed  to  the  specific 
and  then  the  peroxidase-conjugated  AS  before  embedding  (Tougard  et  ab,  1973)  or 
thin  sections  of  glutaraldehyde-fixed  and  embedded  material  were  treated  with  diluted 
specific  AS  and  then  with  the  PAP  procedure  (Sternberger  et  ah,  1970). 

Results  and  discussion 


Morphological  features 

The  duck’s  ME  and  OVLT  constitute  thin  structures  which  dose  the  third  ventricle 
at  the  level  of  the  infundibular  and  preoptic  recesses  respectively.  Both  display  the 
characteristical  features  of  neurohemal  Organs:  1)  a  vascular  supply  composed  of  a 
well-developed  network  of  superficial  fenestrated  capillaries  together  with  a  few 
unfenestrated  internal  capillaries;  2)  neurosecretory  axons  sometimes  reaching  the 
external  parenchymal  basement  membrane.  These  can  be  divided  into  several  groups 
according  to  the  different  kinds  of  dense  granules  and/or  vesicles  which  they  contain; 
3)  non-ciliated  stretched  ependymocytes  linking  the  ventricle  to  the  external  vessels 
(tanycytes).  In  addition,  the  two  organs  contain  numerous  glial  cells  generally  located 
in  the  inner  ME  and  OVLT  and  emitting  processes  which  can  reach  the  external  base¬ 
ment  membrane.  Neuronal  perikarya  displaying  scattered  neurosecretory  granules  are 
also  encountered  in  the  subependymal  layers. 

The  presence  of  neurosecretory  fibers  together  with  fenestrated  capillaries  is  charac- 
teristic  of  neurohemal  areas  where  a  neuroendocrine  function  can  also  be  carried  out 
by  tanycytes.  In  the  present  paper,  we  shall  refer  exclusively  to  the  Identification  of 
nerve  fibers.  Tanycyte  function  in  the  duck’s  ME  and  OVLT  has  heen  discussed  else- 
where  (Calas,  1975;  Bosler,  1977). 

Monoaminergic  innervation 

In  the  ME,  fluorescence  histochemistry  revealed  a  dense  internal  plexus  of  green  flu- 
orescent  fibers  containing  NA  (as  demonstrated  by  subsequent  microspectrofluorimet- 
ric  analysis,  Calas  et  ah,  1974).  These  fibers  sometimes  surrounded  non-reactive  cell 
bodies.  In  the  external  ME  a  more  diffuse  and  weak  reaction  was  observed:  scarce  dop- 
amine  (DA)-containing  fibers  were  identified  by  microspectrofluorimetry  in  the  exter¬ 
nal  ME  but  no  DA-containing  neuronal  perikarya  could  be  detected  within  the  hypo- 
thalamus.  After  loading  with  tryptophan,  distinct  yellow  fluorescent  fibers  which  dis- 
played  the  spectral  characteristics  of  5  HT  could  be  seen  (Coli.  H.  G.  Hartwig).  The 
monoaminergic  innervation  of  the  OVLT  was  less  developed.  It  was  composed  of 
green  fluorescent  fibers,  probably  containing  NA.  Although  widely  distributed  in  the 
caudal  part  of  the  lamina  terminalis,  these  were  less  numerous  and  preferentially 
located  within  the  inner  layer  in  the  rostral  part.  These  results  have  been  confirmed  and 
extended  to  the  electron  microscope  level  using  the  radioautographic  approach.  Eol- 
lowing  an  ICV  injection  of  ^H-NA,  axonal  varicosities  containing  numerous  clear  vesi¬ 
cles  (sometimes  displaying  an  eccentric  core)  and  some  large  granulär  vesicles  (LGV) 
were  labeled  in  the  inner  ME  and  in  the  inner  OVLT.  They  are  probably  noradrenergic 
in  view  of  their  internal  localization  and  the  general  failure  of  the  radioautographic 
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technique  to  demonstrate  DA  fibers  (Calas  &  Segu,  1976).  These  NA  fibers  someiimes 
formed  symmetrical  or  asymmetrical  synaptic  contacts  with  dendrites  (ME,  OVLT)  or 
cell  bodies  of  neurosecretory  neurons  (ME).  They  could  be  selectively  destroyed  by 
ICV  6-OH-DA  (Calas,  1973). 

H-  5  EIT  was  administered  under  condiiions  which  allow  its  specific  uptake  by  5 
HT  terminals  (Descarries  et  ab,  1975).  Axons  labeled  in  these  conditions  were  local- 
ized  essentially  in  the  outer  ME  and  in  the  lateral  regions  of  the  lamina  terminalis. 
They  were  smaller  in  diameter  than  the  noradrenergic  ones  and  their  varicosities  dis- 
played  more  LGV.  They  could  be  destroyed  by  ICV  5,  6-DHT  (Calas,  1975).  In  the 
ME,  they  occasionally  reached  the  basement  membrane  or  tanycyte  processes,  and 
showed  in  the  lauer  case  synaptoid  differentiations.  True  synapses  were  only  found  in 
the  OVLT  between  a  few  labeled  axons  and  dendrites  or  dendritic  spines.  The  results 
of  histofluorescence,  microspectrofluorimetry  and  radioautography  demonstrate  a  dif¬ 
ferent  pattem  for  NA  and  5  HT  fibers  in  the  two  organs  where  they  seem  to  play  dis- 
tinct  roles.  The  synaptic  NA  innervation  of  infundibular  neurons  and  synaptic  NA  and 
^  terminals  m  the  anterior  hypothalamus  might  constitute  the  morphological  basis 
for  a  function  in  various  neuroendocrine  mechanisms  (Follett,  1973;  McNeill  et  ah, 
1975).  Furthermore,  5  HT  might  also  exert  in  the  ME  a  non-synaptic  control  of  tany¬ 
cyte  activity  and/or  of  neurohormonal  release  at  the  external  vascular  zone  (Calas, 
1975).  Fmally,  the  occurrence  of  occasional  5  HT  axons  reaching  the  parenchymal 
basement  membrane  suggests  a  true  neurohormonal  function  for  5  HT.  Moreover,  a 
direct  effect  of  5  HT  has  been  observed  in  the  duck  upon  ACTH  release  (Calas,  unpub- 
lished  data). 

Peptidergic  innervation 

PN  RH  immunoreactivity  was  exhibited  by  varicose  fibers  m  the  external  region  of 
the  rostral  and  caudal  ME  and  also  in  the  OVLT  (Calas  et  ah,  1973;  Calas,  1975). 
These  results  have  been  confirmed  by  more  recent  investigations  which  demonstrated 
PN-RH  immunoreactive  perikarya  m  the  arcuate  (M^cNeill  et  ah,  1976)  and  preoptic 
nuclei  (Oksche,  1978,  Bons  et  ah,  1978).  In  contrast,  AVT  immunoreactivity  was 
located  in  the  whole  of  the  hypothalamo-posthypophyseal  tract,  including  neuronal  cell 
bodies  in  the  anterior  hypothalamus,  the  entire  neural  lobe  (NE)  and  dense  bundles  of 
nerve  fibers  in  the  internal  ME.  Numerous  immunoreactive  fibers  were  also  observed  in 
the  external  rostral  part  of  ME  (Calas,  1975).  In  contrast,  no  AVT  positive  fibers  were 
detected  m  the  OVLT,  only  some  immunoreactive  perikarya  occurring  caudally,  very 
dose  to  the  organ.  Finally,  in  contrast  with  the  observations  of  McNeill  et  ah  (1976), 
no  immunoreactivity  was  found  in  tanycytes.  Thus,  AVT  immunoreactivity  is  superim- 
posable  with  AE  stainability  in  the  duck.  The  same  Situation  holds  for  quail  and  pigeons 
(unpubhshed) .  A  similar  concordance  between  AE  and  neurophysm  reactivities  was 
found  by  McNeill  et  ah,  (1976).  Using  differentially  absorbed  AS,  Goossens  et  ah 
(1977)  have  confirmed  the  distribution  of  AVT  fibers  in  several  species  of  birds;  in  con¬ 
trast  to  AVT,  mesotocin  axons  were  only  found  in  the  hypothalamo-posthypophyseal 
tract,  the  different  axonal  bundles  probably  issuing  from  distinct  parts  of  the  anterior 
hypothalamus  (Goossens  et  ah,  1977;  Blähser  &  Simon,  1978;  Bons  et  ah,  1978). 

At  the  electron  microscope  level  and  using  two  distinct  immunocytochemical 
approaches  somewhat  different  and  complementary  results  for  the  ME  were  obtained. 
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The  pre-embedding  procedure  allowed  for  the  detection  of  well-contrasted  positive 
reactions  in  the  periphery  of  the  sections  but  no  reaction  was  observed  in  the  internal 
Organ  due  to  poor  penetration  of  the  AS.  Immunocytochemical  staining  affected  pri- 
marily,  but  not  exclusively,  the  neurosecretory  granules,  the  membranes  of  which  dis- 
played  a  welldefined  shape  in  spite  of  inconstant  morphological  preservation.  Their 
approximative  diameters  were  suggestive  of  different  kinds  of  neurosecretory  axons, 
reactive  fibers  containing  granules  of  either  100,  120 — 160  or  160  —  200  nm  diameter 
for  both  peptides.  Immunocytochemical  staining  with  the  postembedding  technique 
displayed  three  characteristics:  1)  the  reactions  were  similar  to  those  described  at  the 
histological  level  and  affected  the  ME  as  well  as  the  NL  where  about  50  %  of  axonal 
sections  were  reactive  (indicating  that  in  these  conditions,  our  AS  do  not  cross-react 
with  mesotocin);  2)  the  reactive  character  was  confined  to  neurosecretory  granules;  3) 
the  size  of  these  immunoreactive  granules  was  smaller  than  those  measured  following 
the  pre-embedding  technique.  Their  diameters  were  not  precisely  determined  owing  to 
the  absence  of  osmic  postfixation  and  a  consequent  lack  of  a  well-shaped  membrane. 
However,  they  were  estimated  to  measure  60  —  90  nm  for  LH-RH  axons  and 
60—120  nm  for  AVT  axons  some  of  which  were  occasionally  found  to  be  myelinated 
in  the  anterior  internal  ME.  These  results  are  in  good  agreement  with  those  of  Pelle¬ 
tier  et  al.  (1974)  for  LH-RH  in  rat  ME,  and  those  of  Van  Vossel  et  al.  (1976)  for 
AVT  in  the  frog’s  NL.  Irrespective  of  the  technique  employed  the  wide  spectrum  of 
reactive  granules  makes  questionable  the  validity  of  axonal  classifications  based  on 
morphological  criteria. 

In  conclusion,  it  appears  that  the  classically  described  anatomical  divisions  of  the  ME 
and  OVLT  in  the  duck  might  be  correlated  with  distinct  physiological  functions.  The 
internal  parts  of  both  organs  are  rather  undifferentiated  hypothalamic  regions  with 
neurosecretory  neurons  synaptically  innervated  by  NA  and  possibly  5  HT  fibers 
(lateral  OVLT).  The  external  regions  where  LH-RH  (ME,  OVLT),  AVT  (rostral  ME) 
and  5  HT  (ME)  are  concentrated  and  probably  released  constitute  the  true  neuroen- 
docrine  parts  of  these  similarly  organized  circumventricular  organs.  The  target  struc- 
tures  of  the  LH-RH  which  may  be  released  from  the  OVLT  are  not  known  nor  the 
function  of  AVT  in  rostral  ME.  The  vascular  links  between  the  rostral  ME  and  the 
anterior  lobe  of  adenohypophysis  in  the  duck  (Assenmacher  &  Tixier-Vidal,  1964)  as 
well  as  ultrastructural  results  concerning  CRF  activity  in  rostral  ME  of  pigeon 
(Peczely  &  Calas,  1970)  might  help  to  elucidate  it.  Studies  directed  to  a  better  under- 
standing  of  the  role  of  different  monoamines  in  neuroendocrine  control  mechanisms 
might  take  advantage  of  the  apparent  lack  of  tubero-infundibular  DA  System  in  birds. 
For  example,  an  antagonist  function  of  5  HT  and  NA  in  photostimulated  gonadal 
growth  has  been  postulated  in  quail  following  selective  neurochemical  destructions  of 
either  the  5  HT  or  the  NA  fibers  (Calas,  1975)  and  an  inhibitory  effect  of  5  HT  upon 
testicular  response  to  photostimulation  has  been  recently  confirmed  in  the  same  species 
(El  Halawani  et  al.,  1978).  Besides  their  sensitivity  to  photoperiodic  changes,  birds 
might  also  be  suitable  for  studying  the  complex  problems  of  monoaminergic  and  pep- 
tidergic  interrelationships  in  neuroendocrine  regulations. 


Calas  et  al.:  Hypoihalamic  Median  Eminence 
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Morphology  and  Function  of  the  Subfornical  Organ  of  the  Circumventricular 

System  in  Relation  to  Drinking  Behavior 

Hideshi  Kobayashi 

Introduction 

There  are  several  morphologically  specialized  areas  located  in  the  ventricular  System 
along  the  midiine  of  the  brain  which  together  make  up  the  circumventricular  Organs 
(see  Weindl,  1973)  (Fig.  1).  Although  these  areas  seem  to  be  associated  with  neuro- 
endocrine  structures,  their  functions  have  not  been  well  elucidated,  except  for  those  of 
the  neural  lobe,  the  median  eminence  and  the  pineal  gland.  In  this  paper,  the  morpho¬ 
logy  and  function  of  the  subfornical  organ  (SFO)  of  the  Japanese  Quail  will  be 
described  briefly  in  relationship  to  angiotensin-induced  drinking. 


Figure  1.  The  circumventricular 
Organs  of  birds.  AP  area  post- 
rema;  ME  median  eminence; 
NL  nerual  lobe;  OVLT 
organum  vasculosum  laminae 
terminalis;  P  pineal  body;  PVO 
paraventricular  organ;  SCO 
subcommissural  organ;  SFO 
subfornical  organ. 


Surface  structure  of  the  SFO 

The  small,  ovoidal  SFO  of  the  Japanese  Quail  protrudes  from  the  ventricular  surface 
and  is  located  on  the  rostral  wall  of  the  third  ventricle,  between  the  anterior  commis- 
sure  and  the  base  of  the  choroid  plexus  (Fig.  1).  It  consists  of  a  body  and  stalk,  the 
body  being  divisible  into  rostral  and  caudal  areas.  In  the  rostral  area,  each  ependymal 
cell  possesses  many  microvilli  and  a  short  single  cilium  in  the  center.  Occasionally, 
however,  clustered  cilia  may  be  seen.  In  the  caudal  area,  ependymal  cells  with  a  single 
cilium  are  fewer  in  number,  microvilli  are  not  abundant  and  clustered  cilia  are  rarely 
found.  In  both  parts,  other  surface  structures,  such  as  funnel-shaped  cavities  and  large 
bulbous  protrusions,  are  rarely  seen.  The  contents  of  the  protrusion  seem  to  be  dis- 
charged  into  the  ventricle,  the  physiological  significance  of  this  phenomenon  not  yet 
being  understood.  Although  supraependymal  cell  bodies  are  not  found,  long  thin  fi- 
bers,  reminiscent  of  supraependymal  axons,  are  occasionally  observed  on  the  ependymal 
surface  of  the  rostral  area  of  the  body.  No  CSF-contacting  neurons  are  encountered 
and  the  ependymal  cells  of  the  stalk  have  no  clustered  cilia.  Cells  with  a  single  central 
cilium  and  those  with  abundant  microvilli  are  few  in  number  and  other  structures 
which  may  be  seen  in  the  body  are  also  very  rare  in  the  stalk. 

Co-authors:  Joshio  Takei  and  Kazuhizo  Tsuneki 

Author’s  address:  Misaki  Marine  Station,  University  of  Tokyo,  Misaki,  Miura-shi,  Kanagawa-ken,  238  —  02, 
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Parenchymal  structure  of  the  SFO 

The  SFO  consists  of  ependymal,  Intermediate  and  basal  (perimeningeal)  layers 
(Fig.  2).  In  the  Intermediate  layer,  neurons,  glial  cells  and  various  processes  are  present 
as  well  as  many  axons  containing  dense-cored  granules  (80  nm  in  diameter).  Synapses 
are  occasionally  observed  between  these  axons  and  the  neuronal  perikarya  or  den- 
drites.  After  treatment  with  5-hydroxydopamine  (5-OHDA),  a  dense  core  appears  in 
the  Center  of  synaptic  vesicles  in  some  of  these  axons.  From  these  observations  it  may 
be  concluded  that  there  are  afferent  monoaminergic  (perhaps  noradrenergic)  axons  in 
the  SFO.  In  addition  to  these  axons,  there  are  a  few  which  contain  larger  granules  (120 
nm  in  diameter)  as  well  as  synaptic  vesicles.  After  treatment  with  5-OHDA,  the  vesicles 
of  the  second  axon  type  likewise  show  a  dense  core  and,  therefore,  may  also  be  mono¬ 
aminergic.  Cytoplasmic  vacuoles  of  varying  sizes  are  frequently  observed  but  it  is  dif- 
ficult  to  teil  whether  the  cells  with  these  vacuoles  are  glial  or  nerve  cells.  Endothelial 
cells  of  the  capillaries  in  the  Intermediate  layer  of  the  SFO  show  no  fenestration. 


Figure  2.  Diagram  of  a  section 
of  the  subfornical  organ  (SFO) 
of  the  Japanese  Quail.  The  site 
of  the  cut  is  shown  in  Figure  1. 
BL  basal  (perimeningeal)  layer; 
C  capillary;  EL  ependymal 
layer;  G  glial  cells;  H  hollow- 
shaped  cavity;  IL  Intermediate 
layer;  MV  meningeal  vessel;  N 
neuron;  P  bulbous  protrusion;  T 
tanycyte;  V  cytoplasmic  vacu- 
ole. 


The  basal  layer  is  occupied  by  glial  processes  abutting  onto  the  digitations  of  the  peri- 
vascular  connective  tissue  space  of  the  meningeal  vessel.  This  vessel  looks  like  a  sinus 
and  a  fenestrated  endothelium  is  occasionally  observed.  The  SFO  is  outside  the  blood- 
brain  barrier  as  revealed  by  trypan-blue  injection.  Tanycytes  are  sometimes  encoun- 
tered.  Neither  fibers  nor  cell  bodies  which  stain  with  paraldehydefuchsin  are  found. 
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Afferent  monoaminergic  fibers  in  the  SFO 

Fluorescence  microscopy  has  revealed  that  monoaminergic  fibers  (perhaps  noradren- 
ergic)  project  from  the  preoptic  area  (POA)  to  the  SFO  and  there  are  also  fluorescent 
perikarya  in  the  POA.  Some  of  the  monoaminergic  fibers  containing  granules  of 
80 — 120  nm  in  diameter  which  are  observed  in  the  electron  microscope  may  have  their 
origin  in  the  POA.  There  is  no  information  about  efferent  nerve  fibers. 

Drinking  behavior  induced  by  Auigiotensin  II 

Birds  generally  respond  to  intraperitoneally  injected  5-valine  angiotensin  II  (All)  by 
drinking  (Table  1).  It  is  interesting  to  note,  however,  that  birds  native  to  arid  regions 
are  relatively  insensitive  to  All,  possibly  dipsogenic  receptors  for  All  may  have 
decreased  in  number  or  affinity.  The  green  Budgerigar,  Melopsittacus  undulatus  (wild 
type),  which  is  a  native  of  the  arid  areas  of  Australia,  is  rather  insensitive,  whereas  the 
yellow  form,  produced  by  artificial  selection,  is  more  sensitive.  Possibly  the  yellow 
form  has  reaquired  dipsogenic  receptors  for  All.  Carnivorous  birds,  which  ingest  water 


Table  1:  Drinking  induced  by  Angiotensin  II  (Asn'-VaP  All)  injected  intraperitoneally 


Species 

number 

of 

birds 

approximate 
minimum 
effective 
dose  (m.e.d.) 
(pg/lOOgBW) 

largest 
number  of 
pecks 

induced  by 
m.e.d. 

shortest 
latent 
period 
to  m.e.d. 
(min) 

Streptopelia  risoria 

4 

1 

9 

3 

Vanellus  indicus 

3 

5 

i:- 

7 

Zonotrichia  leucophrys  gambelii 

5 

5 

13 

2 

Lorius  lory 

6 

5 

25 

1 

Acridotheres  tristis 

8 

5 

5 

14 

Passer  montanus 

2 

5 

6 

5 

Cotumix  coturnix  japonica 

6 

10 

13 

4 

Psittacula  krameri 

8 

10 

7 

3 

Melpostes  cafer 

8 

10 

4 

2 

Emberiza  bruniceps 

6 

10 

6 

1 

Emberiza  aureola  omata 

5 

30 

12 

1 

Lonchura  punctulata 

4 

1 

2 

8 

Lonchura  malacca 

10 

1 

9 

8 

Lonchura  malabarica ' 

4 

no  response  even  to  10  |xg 

Melopsittacus  undulatus 

green  form^ 

6 

100 

15 

1 

yellow  form 

5 

10 

5 

1 

Lalco  tinnunculus^ 

5 

1  000 

34 

17 

Accipiter  badius^ 

8 

no  response  even  to  1,000  pg 

Athene  brama^ 

6 

no  response  even  to  1,000  pg 

“■  This  water  bird  used  its  long  beak  like  a  straw  and  sucked  the  water. 

'  This  species  of  Lonchura  lives  in  arid  areas  in  India  and  did  not  respond  to  even  10  pg  of  All. 
2  Originated  in  arid  regions  in  Australia. 

^  Carnivorous  birds. 
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primarily  from  meat,  are  also  insensitive  to  All.  It  may  be  seen,  therefore,  that  the  birds 
which  drink  only  a  little  water  in  the  wild  are  insensitive  to  All.  However,  there  is  no 
difference  in  the  histological  features  of  the  SFO  between  the  birds  that  are  sensitive  to 
All  and  those  that  are  not.  It  seems  that  the  angiotensin-thirst  mechanism  has  evolved 
adaptively  in  the  physiological  mechanisms  that  control  thirst. 


Function  of  the  SFO  in  relation  to  drinking 

Systemic  and  intracranial  mjections  of  All  induce  drinking  behavior  in  birds  (Takei, 
1977  a)  and  mammals  (Epstein  et  ab,  1970).  When  the  SFO  is  lesioned  by  electric  cau- 
tery,  All  is  no  longer  effective.  This  has  been  confirmed  in  the  rat  (Simpson  &  Rout- 
TENBERG,  1973,  1975)  and  in  the  Japanese  Quail  (Takei,  1977  b).  Injection  of  All 
directly  into  the  SFO  does,  however,  induce  drinking  in  the  rat  and  the  Japanese  quail. 
Thus,  it  may  be  suggested  that  the  SFO  is  possibly  a  receptive  site  for  All. 

Epstein  et  al.  (1970)  first  suggested,  however,  that  the  POA  is  the  receptive  site  for 
All  in  rats,  and  in  the  Japanese  Quail  injection  of  All  into  the  POA  also  induces  drink¬ 
ing  (Takei,  1977  a).  The  question  therefore  arises  as  to  the  location  of  the  true  All 
receptor.  Johnson  &  Epstein  (1975)  showed  that  All,  injected  into  the  POA,  leaks  into 
the  ventricle  and  perhaps  reaches  the  SFO.  However,  Kucharczyk  et  al.  (1976)  suggest 
that  neurons  in  both  the  SFO  and  the  POA  are  receptive  to  All  and  function  indepen- 
dently  in  All-induced  drinking.  Considering  our  data  together  with  these  findings,  it 
seems  that  both  the  SFO  and  the  POA  are  receptive  sites  for  All  in  mammals  and  birds. 

We  have  primarily  investigated  the  SFO  and  have  shown  by  electron  microscopy  that 
it  contains  neurons  which  may  possess  receptors  for  All.  These  neurons  must  perceive 
All  and  send  signals  to  higher  centers  involved  in  thirst  regulation.  It  is  assumed  that 
All,  injected.  intravenously  or  intraperitoneally,  may  reach  the  neurons  in  the  SFO. 
The  facts  that  the  meningeal  vessels  have  a  fenestrated  endothelium  and  the  perivascu- 
lar  connective  tissue  projects  many  digitations  in  the  parenchyma  Support  our  idea  and 
we  have  also  shown  that  the  blood  vessels  in  the  SFO  are  outside  the  blood-brain  bar- 
rier.  The  intraventricularly-injected  All  may  reach  the  neurons  in  the  SFO,  which  are 
located  in  the  subependymal  region,  through  the  intercellular  spaces  and  the  funnel- 
shaped  cavities  may  also  facilitate  the  penetration  of  All  from  the  ventricular  fluid  into 
the  parenchyma. 

As  mentioned  above,  the  POA  is  also  considered  to  be  a  receptive  site  for  All.  What, 
then,  is  the  functional  relationship  between  the  SFO  and  the  POA?  At  the  present  time, 
we  think  that  monoaminergic  neurons  located  in  the  POA  perceive  the  All  and  transfer 
the  information  to  the  SFO.  This  information  may  be  transported  from  the  SFO  to  the 
higher  centers  involved  in  drinking.  Evidence  for  this  hypothesis  is  that  1)  when  mon¬ 
oaminergic  fiber  Connections  between  the  POA  and  the  SFO  are  transected  by  a 
Haläsz-type  knife  in  the  Japanese  Quail,  drinking  induced  by  All  injected  into  the 
POA  is  prevented  and  2)  noradrenalin  injections  into  the  SFO  invariably  induce  drink¬ 
ing  in  the  same  birds.  However,  further  Suggestion  is  that  changes  in  the  structure  of 
the  periventricular  vessels  caused  by  All  may  be  signals  for  the  induction  of  drinking 
behavior  (Nicolaidis  &  Fitzsimons,  1975).  Further  studies  are  needed  to  determine 
the  exact  sites  responsible  for  drinking  induced  by  All. 
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Photoreception  and  the  Neuroendocrine  Mechanisms 
Involved  in  the  Photosexual  Reflex  in  Birds. 

J.  D.  Bayle 

Introduction 

The  stimulating  influence  of  light  on  testicular  activity  was  first  shown  in  the  starling 
by  Bissonnette  (1931).  Thereafter,  Benoit  (1934)  demonstrated  that  ducklings  submit- 
ted  to  15  hr  daily  of  artificial  light  for  3  weeks  showed  marked  growth  of  the  testes  and 
since  then  a  photosexual  reflex  has  been  observed  in  numerous  avian  species.  Photope- 
nodic  Stimuli  result  in  a  logarithmic  rate  of  growth  of  the  testes  (Follett  &  Farner, 
1966)  as  well  as  in  rapid  increases  in  plasma  levels  of  testosterone  (Jallageas  &  Attal, 
1968),  LH  (Nicholls  et  ah,  1973)  and  FSH  (Follett,  1976).  Benoit’s  pioneering  ex- 
periments  (1936)  showed  both  that  the  hypothalamus  is  stimulated  by  the  eyes  and  also 
directly  by  light  reaching  the  tissues.  In  turn,  the  hypothalamus  stimulates  the  pituitary 
gonadotropic  function.  This  report  will  deal  with  the  neuroendocrine  mechanisms  and 
the  photoreceptive  activities  which  are  involved  in  the  photosexual  reflex,  as  well  as 
with  their  electrophysiological  correlates. 

Neuroendocrine  mechanisms 

Adenohypophysectomy  prevents  growth  of  the  testes  in  ducks  (Benoit,  1936)  and  in 
other  species  (Bayle,  1968).  The  hypothalamic  adenohypophysial  link  is  of  primary 
importance  in  photostimulation  of  the  gonads  :  transection  of  the  portal  veins  (Assen- 
macher  &  Benoit,  1953)  or  ectopic  pituitary  autografts  (Ma  &  Nalbandov,  1963; 


Table  1 :  Effect  of  electrolytic  lesions  of  the  infundibular  or  preoptic  areas  on  the  pituitary-testi- 

cular  axis  in  photostimulated  quail  (18  L:6  D) 


Group  (n) 

Testicular 

Plasma 

Testosterone 

Plasma 

wt 

(ng/10  ml) 

LH  (ng/ml) 

Control  (4) 

3,240  ±  360 

24.3  ±  3.7 

4.48  +  0.67 

Infundibular  lesions  (6) 

21.8  ±  3.3" 

1.91  ±  0.49" 

0.51  +  0.05" 

Preoptic  lesions  (4) 

56.1  ±  13.0" 

1.43  ±  0.23" 

0.72  ±  0.13" 

(^;  p<0.01  VS  control) 


Assenmacher  &  Bayle,  1964)  leading  to  gonadotropic  quiescence.  Destruction  of  the 
median  eminence  (Benoit  &  Assenmacher,  1952)  inhibits  gonadal  activity.  Electrolytic 
lesions  of  the  infundibular  complex  suppress  the  photosexual  reflex  in  quail  (Sharp  & 
Follett,  1969;  Liver,  1972),  pigeons  (BouillL  &  Bayle,  1973),  sparrows  (Wilson, 
1967)  and  cockerels  (Gräber  et  al,  1967),  Another  area,  located  in  the  preoptic-ante- 
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rior  hypothalamic  region,  appears  to  intervene  in  the  photosexual  reflex  (duck:  Assen- 
MACHER,  1957;  quail:  Oliver,  1972;  pigeon:  Bouille  &  Bayle,  1973). 

This  Situation  was  demonstrated  recently  in  our  laboratory  (Oliver  et  ab,  1978  b; 
Table  1). 

The  reverse  Situation  was  observed  in  quail  where  a  strong  rise  in  LH  level  followed 
electrical  Stimulation  of  either  the  tuberal  hypothalamus  or  the  preoptic  region  (Davies 
&  Follett,  1975). 


Photoreceptive  activities 

Numerous  experiments  have  been  undertaken  in  ducks  in  order  to  show  that  the 
eyes  are  involved  in  the  gonadotropic  response  to  light.  Testicular  growth  was  found  to 
be  significantly  grater  in  intact  than  in  blinded  birds  submitted  to  feeble  illumination 
(Benoit  et  ah,  1953).  The  photosexual  retina  is  very  sensitive  to  orange  and  red  rays 
and  insensitive  to  yellow,  green  and  indigo  rays,  whereas  the  visual  retina  has  maxi- 
mum  sensitivity  to  yellow  light.  The  eyes  may  also  be  involved  in  the  photoperiodic 
regulation  of  gonadotropic  activity  in  Coturnix  quail  (Homma  et  ab,  1972).  Photostim- 
ulated  (18  Lsiux^  6  D)  intact  quail  have  a  significantly  higher  (X2)  testicular  weight 
than  have  blinded  birds  (Bons  et  ab,  1975).  Retinal  hypothalamic  connections  have 
now  been  demonstrated  in  birds.  Degenerating  fibers  and  presynaptic  profiles  were 
seen  in  the  anterior  hypothalamus  after  optic  nerve  section  in  ducks  (Bons  &  Assenma- 
CHER,  1969)  while  direct  retinal  afferents  to  the  hypothalamus  have  been  observed  in 
chickens,  sparrows,  pigeons  and  jackdaws  (for  references,  see  Oliver  et  ab,  1978  a). 
Ganglion  cells  projecting  to  the  hypothalamus  have  been  visualized  in  the  retina  of 
quail  (Oliver  et  ab,  1978  a). 

Horseradish  peroxidase  was  injected  into  the  preoptic-anterior  hypothalamic  area. 
Thirty  hours  later  the  head  was  perfused  and  sections  of  the  eyeball  reacted  with  3,3’ 
-diaminobenzidine  and  hydrozen  peroxide.  Scattered  cells  labelled  by  retrograde  trans- 
port  of  protein  were  observed  in  the  ganglion  layer  of  the  retina.  However,  blinding 
does  not  prevent  light  stimulating  testicular  growth  in  ducks  (Benoit,  1935)  and  in 
quail  (Oliver  &  Bayle,  1973).  The  eyes  are  not  necessary  for  photoperiodic  induction 
of  gonadal  growth  in  chickens,  quail  and  sparrows  (for  references,  see  Menaker  & 
Keatts,  1968).  Hence,  deep  photoreception  does  occur  and  leads  to  gonadotropic  acti- 
vation.  As  early  as  1937  Benoit  reported  that  light  applied  directly  to  the  hypothalamus 
by  a  quartz  rod  exerts  a  strong  effect  on  testicular  growth.  Optic  fibers,  0.3  mm  in  dia- 
meter,  implanted  in  the  hypothalamus,  led  to  positive  responses  when  light  was  directed 
straight  into  the  infundibular  complex.  Illumination  of  the  brain  using  radioluminous 
material  (RLM)  maintained  large  testes  in  birds  when  they  were  transferred  to  short 
days  (Kato  et  ab,  1967).  Application  of  RLM  on  the  skull  (Follett  et  ab,  1974),  or 
along  the  fissura  longitudinalis  cerebri  (Homma  &  Sakakibara,  1971),  resulted  in  as 
much  testicular  growth  as  was  found  in  birds  exposed  to  long  daylengths. 

Implantation  of  small  (0.6  x  0.2  mm)  pellets  of  RLM  allowed  selective  photostimula- 
tion  of  various  parts  of  the  hypothalamus  (Oliver  &  Bayle,  1976  a).  Local  lighting  of 
the  infundibular  complex  leads  to  significant  enlargement  in  quail  reared  under  short 
days,  even  after  neural  deafferentation  (DAF)  of  the  basal  hypothalamus  (Oliver  et  ab. 
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Table  2:  Effect  of  radioluminous 

Stimulation  (RL)  of  the  infundibular 
rior-preoptic  area  (POA) 

complex  (IC) 

or  the  ante 

Group  (n) 

Control  (9) 

RL/IC  (13) 

RL/IC  DAF  (5) 

RL/POA 

(8) 

Control 

(14) 

Photoperiod 
Testes  wt  (mg) 

18  L:6  D 
1,839  ±  234" 

6  L: 18  D 
1,841  ±  323" 

6  L:18  D 
1,423  ±  223" 

6  L: 18  D 

78  ±  21 

6  L: 18  D 
72  ±  14 

(^:  p<0.01  VS  non-photostimulated  Controls) 


1977:  Table  2).  In  contrast,  local  photostimulation  of  the  preoptic-anterior  hypoihala- 
mic  region  never  induces  a  photosexual  response. 

Plasma  levels  of  testosterone  and  LH  are  also  significantly  increased  after  infundibu- 
ar  RLM  photostimulation  but  preoptic  placement  of  the  pellet  was  ineffective  (Oliver 
et  ah,  1978  b:  Table  3). 


Table  3:  Plasma  levels  of  testosterone  and  LH  after  RLM  Implantation  in  the  infundibular  com 

plex  (IC)  or  preoptic  area  (POA) 


Group  (n)  (6  L;  18  D) 

Control  (6) 

RLM/IC  (6) 
RLM/POA  (3) 

(^:  p<0.01  VS  Control) 


Testosterone  (ng/10  ml) 

0.72  ±  0.03 
23.0  ±  1.3" 

1.45  ±  0.66 


LH  (ng/ml) 

0.38  ±  0.01 
3.87  ±  0.41" 
0.94  ±  0.25 


Extraretinal  photosensitivity  was  also  described  in  central  nervous  structures  such  as 
the  rhmencephalic  region  (Benoit  &  Kehl,  1939).  Oishi  &  Kato  (1968)  noted  that 
Illumination  of  the  pineal  stimulated  the  growth  of  the  testes  in  quail.  Pinealectomy  of 
sparrows  mhibited  the  circadian  rhythm  of  locomotor  activity,  but  the  pineal  was  found 
not  to  be  necessary  for  the  entrainment  of  photoperiodically  stimulated  testicular 
growth  (Menaker  et  ah,  1970).  Morita  (1966)  and  Ralph  &  Dawson  (1968)  found  no 
correlation  between  pineal  electrical  activity  and  light.  However,  recording  the  pineal 

multiumt  activity  (MUA)  from  unanaesthetized  quail  indicates  that  light  influences 
pineal  MUA  (Table  4). 


Table  4:  Effect  of  light  on  pineal  MUA  in  intact  (I),  blinded  (ON),  ganglionectomized  (GGL) 

and  habenulectomized  (Hb)  quail 


Group  (n) 

Photoperiod 

Spontaneous  MUA 
(200  sec) 

Flash-altered  MUA 
(200  sec) 

I 

I 

(30) 

(19) 

6  L: 18  D 

18L:  6D 

1,004 

504 

± 

± 

129 

42" 

621 

283 

± 

+ 

80“^ 

2ib 

ON 

(42) 

6  L: 18  D 

2,210 

± 

174 

2,157 

162 

ON 

(15) 

18L:  6D 

1,899 

± 

267 

1,801 

222 

GCL 

(36) 

6  L:  18  D 

1,460 

± 

75 

1,012 

+ 

58*’ 

GGL 

(21) 

18  L:  6  D 

635 

± 

56" 

403 

+ 

50^ 

Hb 

(8) 

6  L:18  D 

1,298 

± 

60 

1,259 

+ 

71 

Hb 

(10) 

18  L:  6  D 

692 

± 

16" 

679 

± 

16 

(":  p<0.01  VS  non  photostimulated  birds;  p<0.01  vs  spontaneous  MUA) 


236 


SYMPOSIUM  ON  ENDOCRINOLOGY 


Flash  stimulations  induce  a  marked  decrease  in  pineal  activity  in  intact  quail 
(Herbute  &  Bayle,  1974)  and  this  inhibitory  effect  of  acute  lighting  continues  after 
ganglionectomy  but  disappears  after  optic  nerve  section  or  habenulectomy  (FiERBUTE 
&  Bayle,  1976).  Pineal  firing  rates  are  lower  in  photostimulated  birds  than  in  non 
photostimulated  ones  except  for  those  that  had  been  blinded.  The  effects  of  light  on 
pineal  MUA  appear  therefore  to  be  mediated  through  retinal  Information  and  partly 
via  habenular  pathways  (FIerbute  &  Bayle,  1977). 

Hypothalamic  electrophysiological  correlates 

Flash-evoked  potentials  were  recorded  in  unanaesthetized  quail  from  infundibular 
regions  where  lesions  suppress  the  photosexual  reflex  (Oliver  &  Bayle,  1973).  Infundi¬ 
bular  responses  to  flash-lights  are  characteristic  and  homogeneous.  Their  latency  is 
longer  than  in  the  optic  chiasma  and  shorter  than  in  other  hypothalamic  areas 
(Table  5).  Changing  the  lighting  pattem  from  6L:18D  to  18L:6D  shortens  the 
latency  but  testosterone  treatment  has  the  same  effect. 


Table  5 :  Latency  (msec)  of  flash  evoked  potentials 


Site  of  record 

Optic  chiasma 

Infundibular 

complex 

Non  gonadotropic 
area 

6  LUS  D  (n) 

7.6  +  0.7  (34) 

14.3  ±  0.4  (91) 

18  ±  1 

18  L:  6  D  (n) 

7.5  ±  0.8  (12) 

12.3  ±  0.5U24) 

18  ±  1 

Multiunit  activity  (MUA)  was  obtained  from  neuronal  pools  in  the  same  hypothala¬ 
mic  regions  in  birds  which  were  resting  but  awake.  Spontaneous  firing  rates  are  higher 
during  the  light  than  during  the  dark  part  of  a  short  photoperiod  but  flash  stimulations 
result  in  a  significant  although  slow  increase  in  MUA  (Oliver  &  Bayle,  1975:  Table  6). 
Spontaneous  infundibular  MUA  is  markedly  decreased  and  flash-induced  activation  is 
suppressed  after  blinding. 

Flowever,  daily  variations  of  discharges  do  not  disappear  after  optic  nerve  section. 
Lengthening  the  daily  photoperiods  from  6L:18Dto  18L:6D  causes  a  marked 
reduction  in  firing  rates  and  flash  stimulations  are  no  longer  effective. 


Table  6;  Infundibular  MUA  (spikes/200  sec) 


Group  (n) 

Photo- 

period 

Mean 

Spontaneous 

MUA 

Light 

period 

Dark 

period 

Flash¬ 

altered 

Intact  (97) 
Blinded  (92) 
Intact  (88) 

6  LUS  D 
6LU8  D 
18  L:  6  D 

468  ±  95 

286  ±  39" 

206  ±  24" 

546  ±  94 

319  ±  35 

292  ±  68^ 
215  ±  26" 

935  ±  142^ 
294  ±  49 

196  ±  27 

(*:  p<0.01  VS  intact  6  L:  18  D;  | 

3  <0.01  VS  spontaneous 

U;  p  < 0.01  dark 

VS  light) 
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Similar  results  were  obtained  after  local  illumination  (by  meäns  of  RLM)  of  ihe 
mfundibular  complex  (Oliver  &  Bayle,  1976  b)  when  spontaneous  MUA  is  decreased 
(265  VS  341  spikes/200  sec  in  Controls)  and  the  post-flash  activation  is  suppressed  (208 
spikes/200  sec).  At  least,  neither  a  systematic  MUA  increment  after  flash-lighting  nor 
variations  because  of  changed  daily  photoperiods  can  be  observed  in  non-gonadotropic 
regions  of  the  hypothalamus  of  intact  quail. 


Table  7 :  Preoptic  MUA  (spikes/200  msec) 


Group  (n) 

Photoperiod 

Spontaneous  MUA 

Flash-altered  MUA 

Intact 

6  F:18  D 

532  ±  24 

425  ±  22^ 

(4) 

18F:  6D 

215  ±  16^ 

140  ±  10^ 

Blinded 

6  F: 18  D 

278  ±  35^ 

265  ±  31 

(4) 

18  F:  6  D 

221  ±  15" 

209  ±  14 

(^:  p < 0.01  VS  intact  6L:18  D;  p<0.01  vs  spontaneous) 


Spontaneous  preoptic  MUA  (Oliver  &  Bayle,  1977)  is  lower  in  photostimulated 
than  in  quiescent  birds  (Table  7).  Flash  stimulations  provoke  an  early  (few  msec)  and 
significant  (  x  6)  peak  in  Bring  rates.  Thereafter,  MUA  is  low  for  approx.  250  msec. 
Somewhat  similar  responses  to  flashes  may  be  observed  in  the  optic  tectum  but  blinding 
results  in  decreased  preoptic  spontaneous  discharges  and  Suppression  of  flash-induced 
activity. 
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Introduction 

Birds  have  evolved  a  bewildering  array  of  ecological  and  ethological  adaptations  for 
breeding,  the  aim  of  which  is  to  assist  each  species  to  produce  as  many  offspring  as 
possible  and  to  maximise  the  chances  of  these  offspring  reaching  sexual  maturity.  It  is 
this  selective  pressure  which  has  led  to  developments  such  as  seasonal  breeding,  to 
migration  into  higher  latitudes,  to  sophisticated  patterns  of  sexual  behaviour,  and  prob- 
ably  also  to  phenomena  hke  deferred  maturity.  Although  many  of  these  adaptations 
operate  ecologically  they  all  depend  upon  underlying  physiological  adaptations,  and  in 
a  number  of  cases  (e.g.  yolk  deposition  and  hence  clutch  size,  migration,  secondary  sex 
characters  and  behaviour)  are  controlled  by  the  appropriately  timed  secretion  of 
various  hormones.  As  an  endocrinologist  rather  than  an  ecologist  my  interests  have 
concentrated  on  these  underlying  processes  and  upon  one  in  particular:  how  exactly  do 
proximate  environmental  factors  such  as  daylenght  trigger  reproduction?  The  problem 
has  been  tackled  in  the  laboratory  using  a  “model”  species:  in  our  case  the  Japanese 
Quail  (Coturnix  coturnix  japonica)  (reviews:  Follett,  1973  a,  b,  1978;  Follett  & 
Davies,  1975;  Davies  &  Follett,  1975;  Davies  et  ah,  1976).  This  has  many  advantages 
but  it  also  has  its  limitations  and  the  next  stage  is  to  apply  the  results  to  the  Feld  bio- 
logy  of  wild  species  (e.g.  Wingfield  &  Farner,  1978). 

Much  success  has  come  from  using  radioimmunoassay  methods  which  can  measure 
the  hormones  in  small  (10—100  pl)  samples  of  blood,  thus  giving  an  accurate  picture 
of  the  endocrine  Situation.  In  the  case  of  those  hormones  whose  structure  is  similar  in 
most  vertebrates  (e.g.  the  Steroids,  insulin,  thyroxine)  immunoassays  can  be  adapted 
from  methods  devised  for  mammals,  but  this  is  not  so  possible  for  the  pituitary  hormo¬ 
nes  where  species  differences  are  substantial.  So  far,  however,  methods  have  been 
devised  for  LH  (Follett  et  ah,  1972;  Wentworth  et  ah,  1976),  FSH  (Croix  et  ah, 
1974;  Follett,  1976;  Scanes  et  ah,  1977),  prolactin  (Scanes  et  ah,  1976)  and  growth 
hormone  (Harvey  &  Scanes,  1976).  All  immunoassays  are  fraught  with  potential 
hazards  and  validation  is  a  serious  problem  (review,  Follett  et  ah,  1978).  Bird  plasma 
has  characteristics  different  from  that  of  mammals  (e.g.  vitellogenm  in  females,  the  bind- 
ing  affinities  of  the  serum  albumms)  and  this  causes  difficulties  with  Steroid  and  thy- 
roxme  assays.  Fortunately,  the  cross-reaction  of  the  protein  hormone  assays  has  gener- 
ally  been  found  to  be  quite  wide  and  the  chicken  LH  System,  for  example,  has  been 
used  with  members  of  the  Galliformes,  Anseriformes,  Charadriiformes,  Columbifor- 
mes  and  Passeriformes.  For  FSH  the  Situation  is  less  satisfactory  as  few  materials  are 
available,  while  for  prolactin  some  debate  still  rages  about  the  validity  of  the  assays. 
The  functions  of  the  various  hormones  in  birds  do  not  appear  to  depart  radically  from 
those  in  mammals. 


Department  of  Zoology,  The  University,  Woodland  Road,  Bristol  BS8  lUG,  United  Kingdom. 


240 


SYMPOSIUM  ON  ENDOCRINOLOGY 


The  photoperiodic  control  of  gonadotrophin  secretion  in  birds 

On  transferring  quail  from  short  (8  L:  16  D)  to  long  (20  L:4  D)  daylengths  plasma 
FSH  and  LH  levels  rise  within  24  h  and  peak  secretion  occurs  after  7—10  long  days 
(Figure  1).  This  causes  a  rapid  phase  of  gonadal  growth  which  in  the  testis  comes  about 
both  from  spermatogonial  division,  leading  to  an  increase  in  tubule  diameter,  and  from 
growth  in  tubule  length.  After  15  days,  however,  at  the  time  when  the  Sertoli  cells  are 
fully  differentiated  and  becoming  associated  with  the  maturing  spermatids,  there  is  a 
rapid  decrease  in  FSH  secretion  to  about  100  ng/ml  (Figure  1)  and  the  rate  of  testicu- 
lar  growth  slows  ten-fold.  A  similar  pattem  of  FSH  secretion  occurs  during  ovarian 
growth  but  in  neither  case  is  it  clear  what  agents  cause  the  fall  in  FSH  as  the  gonads 
mature.  The  pattem  of  LH  secretion  under  20  L:4  D  is  slightly  different  (Figure  1). 
The  level  remains  relatively  stable  once  it  is  elevated,  and  it  is  unchanged  into  maturity. 
LH  first  stimulates  differentiation  of  the  Leydig  cells  and  then  androgen  secretion.  In 
turn,  the  androgens  cause  growth  of  the  secondary  sex  characters  and  development  of 
sexual  behaviour  which  Starts  to  become  apparent  after  10 — 14  long  days. 

The  rate  of  gonadal  growth  in  birds  is  proportional  to  daylength  once  it  exceeds  a 
critical  duration,  and  this  is  due  to  an  effect  of  daylength  on  FSH  secretion  (Follett  & 
Maung,  1978).  As  Figure  1  illustrates  there  is  no  peak  of  FSH  secretion  in  quail  expo- 
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Figure  1.  Changes  in  testicular  size  and  plasma  levels  of  FSH,  LH  and  testosterone  in  male  Jap¬ 
anese  Quail  transferred  at  day  O  from  short  daylengths  (SD,  8  L;  16  D)  to  long  photoperiods 
(LD)  of  either  12  L:  12  D  (O)  or  20  L:  4  D  (•).  After  35  days  quail  under  20  L:  4  D  were  trans¬ 
ferred  back  to  8  L:  16  D  to  induce  testicular  regression.  For  the  sake  of  clarity  errors  around  each 
mean  have  been  omitted.  From  Follett  (1976,  1978)  and  Follett  &  Maung  (1978). 
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sed  to  12  L.  12  D  and  testicular  growth  is  slowed  by  about  50  %.  Interestingly,  there  is 
no  difference  between  the  output  of  LH  on  12  L:  12  D  and  20  L:  4  D,  perhaps  reflec- 
ting  slightly  different  photoperiodic  thresholds  for  the  two  gonadotrophins.  Since,  how- 
ever,  testosterone  secretion  is  less  on  12  L:  12  D  one  suspects  that  FSH  (or  perhaps 
prolactin  or  TSH)  may  have  an  indirect  action  on  the  interstitium’s  ability  to  respond 
to  LH,  a  phenomenon  known  in  mammals. 

The  rise  in  LH  and  FSH  secretion  at  about  hour  18  on  the  first  long  day  (regardless 
of  its  length,  Follett  et  al.,  1977)  emphasises  the  speed  of  the  photoperiodic  response, 
and  argues  that  however  the  bird’s  circadian  System  is  involved  in  measuring  daylength 
it  exhibits  little  lag,  and  can  be  triggered  merely  by  exposing  a  quail  to  4  hours  of  light 
placed  12  to  16  hours  after  dawn.  In  some  birds  (Figure  2)  a  further  rise  in  LH  secre- 
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Figure  2.  Plasma  LH  levels  in 
two  male  quail  during  the  first 
two  days  of  exposure  to  20  L: 
4  D  (darkness  is  shown  by  sha- 
ding).  Note  the  rises  late  in  the 
photoperiod  on  each  day.  From 
Follett  et  al.  (1977). 


tion  occurs  at  an  equivalent  time  on  the  second  long  day,  just  as  if  it  was  at  this  point 
that  the  bird’s  circadian  clock  "decided”  it  was  a  long  day,  but  such  rhythmicity  is  soon 
lost  and  there  is  no  further  pronounced  diurnal  secretion  of  LH  or  FSH  (Gledhill  & 
Follett,  1976,  see  also  Balthazart  et  al.,  1977).  A  hint  as  to  why  this  occurs  comes 
from  observations  on  the  effect  of  transferring  birds  back  from  long  to  short  day- 
lengths  (or  to  darkness).  Rather  unexpectedly  (Figure  1),  the  levels  of  LH  and  FSH  do 
not  fall  away  immediately  but  remain  high  for  a  week  or  so  before  decreasing.  Since 
hypothalamic  deafferentation  causes  an  immediate  fall  in  LH  (Davies  &  Follett, 
1975)  carry-over  would  appear  to  be  a  hypothalamic  phenomenon,  and  to  be  a  charac- 
teristic  property  of  the  photoneuroendocrine  machinery.  It  would  seem,  therefore,  that 
long  days,  measured  by  some  circadian-based  clock  which  is  rhythmic  in  function  (Fol¬ 
lett,  1973  b,  1978),  are  converted  by  a  neural  circuit  into  the  continuous  output  of 
LH-RH  from  the  hypothalamus.  The  nature  of  the  circuit  remains  speculative  but  at 
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whatever  level  it  exists,  it  has  the  property  of  remaining  switched  “on”  for  a  number  of 
days,  even  in  the  absence  of  further  inputs  in  the  form  of  long  days.  It  is  probably  the 
development  of  this  semi-permanent  switch  which  eventually  obscures  the  daily 
rhythmicity  in  hormone  output  visible  during  the  first  few  long  days.  The  adaptive  sig- 
nificance  of  such  an  arrangement  may  be  to  ensure  a  steady  flow  of  gonadotrophin  to 
the  gonad  rather  than  one  which  fluctuates  wildly  during  the  day  and  night. 

In  contrast  with  mammals  episodic  secretion  is  less  marked  in  quail,  and  the  enhanc- 
ed  output  of  LH  under  long  days  is  due  primarily  to  increased  tonic  secretion  (Gled- 
HiLL  &  Follett,  1976).  This  may  be  different  from  the  Situation  in  the  Soay  sheep  (Lin¬ 
coln  et  ab,  1977)  where  short  days  are  thought  to  act  mainly  by  enhancing  the  fre- 
quency  and  amplitude  of  the  LH  secretory  episodes,  with  only  a  relatively  minor  effect 
on  tonic  secretion.  To  determine  the  detailed  changes  in  output  would  be  valuable  since 
they  must  represent  events  very  dose  to  the  neural  and  neuroendocrine  circuits  discus- 
sed  above. 

The  Quail  is  not  a  classic  photorefractory  species  and  will  remain  fully  mature  for  up 
to  three  years  when  held  on  20  L:  4  D.  However,  in  those  species  which  show  refracto- 
riness  LH  and  FSH  levels  first  rise  on  long  days,  just  as  in  quail,  but  then  decrease  dra- 
matically  after  50  —  80  days  and  the  testes  collapse. 

The  photoperiodic  response  is  normally  damped  by  sex  Steroids.  Exposure  of  castra- 
tes  to  long  days,  for  example,  leads  to  enormous  increases  with  LH  often  reaching 
100  ng/ml  and  FSH  2,000  ng/ml  (c.  f.  Figure  1).  Feedback  resides  at  both  the  pituitary 
and  the  hypothalamus  and  there  are  small  changes  in  sex  Steroid  sensitivity  during 
photostimulation  (Davies  et  ab,  1976).  However,  long  days  do  not  act  in  quail  by  sim- 
ply  altering  the  sensitivity  of  a  “gonadostat”  in  the  hypothalamus:  gonadectomized 
quail  are  completely  photoperiodic  (Gibson  et  ab,  1975).  In  other  species,  however, 
this  possibility  still  exists  and  because  such  a  change  has  been  implicated  in  mammalian 
puberty  (and  an  homology  suggested  beween  puberty  and  the  seasonal  growth  of  the 
gonads)  it  remains  of  interest.  Kordon  &  Gogan  (1970)  suggested  that  perhaps  a  sud- 
den  increase  in  sensitivity  of  the  hypothalamus  to  sex  Steroids  may  explain  the  onset  of 
refractoriness  in  ducks  and  this  idea  is  supported  by  more  recent  work  (Cusick  &  Wil¬ 
son,  1972;  Sharp  &  Moss,  1977).  Unfortunately,  castrated  birds  become  refractory 
(Wilson  &  Follett,  1974;  Mattocks  et  ab,  1976)  and  this  greatly  complicates  the 
hypothesis,  forcing  the  Suggestion  that  possibly  adrenal  Steroids  might  be  responsible 
for  the  feedback  effects  in  castrates.  Alternatively,  the  results  with  castrates  can  be  view- 
ed  as  rendering  the  feedback  idea  untenable,  at  least  in  any  simple  form.  Recently, 
Karsch  et  ab  (1978)  have  produced  good  evidence  in  sheep  in  favour  of  short  days 
triggering  LH  secretion  by  altering  feedback  sensitivity  and  the  concept  is  again  in  the 
forefront  of  discussion. 

Hormone  secretion  under  artificial  long  days  appears  generally  similar  in  all  those 
species  which  have  been  investigated  (quail,  turkey,  Peking  Duck,  teal,  canary,  Tree 
Sparrow,  White-crowned  Sparrow,  Starling)  but  to  what  extent  does  it  reflect  the  Situ¬ 
ation  under  natural  daylengths?  Figure  3  shows  changes  in  male  quail  living  on  the  roof 
of  the  Department  in  Bangor.  As  expected,  the  first  signs  of  gonadal  growth  occurred 
when  the  photoperiod  (including  civil  twilight)  exceeded  12  hours  and  the  time  to  full 
maturity  (40  —  50  days)  agrees  well  with  experimental  rates  of  growth.  There  was  no 
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Figure  3.  Testicular  size  (g),  cloacal  gland  size  (mm^  x  10~^)  and  Hormone  secretion  (ng/ml  in 
vall  cases)  in  a  group  (n=12)  of  male  quail  exposed  to  natural  daylengths  during  1976.  The 
uppermost  panel  shows  the  daylength  (mcludmg  civil  twilight)  at  Bangor.  Where  appropriate  the 

S.E.M.  is  shown.  From  Follett  &  Maung  (1978). 


peak  in  FSH  secretion,  probably  because  by  the  time  that  the  daylengths  were  long 
enough  to  stimulate  maximal  FSH  secretion  (>14h)  the  testes  had  already  reached 
1500  mg  in  weight  and  inhibited  high  levels  of  FSH  output.  The  birds  remained  in 
breeding  from  May  to  July  but  gonadal  regression  then  began  and  the  testes  were  com- 
pletely  regressed  by  early  September  when  the  photoperiod  was  still  about  13  hours  per 
day.  Clearly,  regression  occurs  under  daylengths  which  in  spring  are  maximally  stimu- 
latory.  Since  quail  with  regressing  gonads  in  August  could  immediately  be  stimulated 
back  into  full  reproduction  by  exposure  to  18  L:  6  D  (the  longest  day  at  Bangor)  they 
were  not  “photorefractory”  in  the  classic  sense.  This  asymmetry  within  the  breeding 
season  seems  to  occur  also  in  Californian  Quail,  some  pigeons  and  the  Baya  Weaver 
Finch  Ploceus  philippinus.  Possibly,  however,  its  significance  has  been  overlooked.  How 
is  it  that  a  photoperiod  containing  13  h  causes  growth  in  birds  coming  from  short  days 
but  regression  in  quail  coming  from  long  days?  The  answers  might  influence  some  of 
our  views  on  photoperiodic  time-measurement! 
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The  Endocrine  Control  of  Ovulation  in  Birds 

P.  J.  Sharp 
Introduction 

At  the  beginning  of  the  breeding  season  or  at  the  onset  of  sexual  maturation,  ovarian 
follicles  enter  a  final  rapid  growth  phase  during  which  yellow  yolk  is  rapidly  accumu- 
lated  and  Steroids,  particularly  oestrogens  and  progesterone,  are  secreted  in  increasing 
amounts.  This  progressive  development  of  ovarian  follicles  is  reflected  in  a  sequence  of 
steroid-dependent  behavioural  changes  —  courtship,  nest  site  selection,  nest  building 
and  mating  which  culminate  in  egg  laying.  In  addition  to  acting  on  the  brain  to  pro- 
duce  behavioural  changes,  the  Steroids  produced  by  yellow  yolky  ovarian  follicles  also 
play  an  important  part  m  the  maturation  and  control  of  the  neural  mechanism  which 
reguläres  the  preovulatory  release  of  lutemizing  hormone  (LH),  the  hormone  responsi- 
ble  for  the  induction  of  ovulation.  This  paper  reviews  the  roles  of  oestrogen  and  pro¬ 
gesterone  in  the  mechanism  which  ensures  that  the  brain  will  stimulate  a  preovulatory 
release  of  LH  when  the  ovary  contains  a  mature  follicle. 

Maturational  changes  in  the  ovarian  follicle  before  ovulation 

The  ovarian  follicle  becomes  capable  of  ovulation  between  4  and  1 1  days  after  the 
beginning  of  its  final  rapid  growth  phase.  Studies  on  the  quail  and  the  hen  show  that  up 
until  about  48  hours  before  ovulation  increasing  quantities  of  oestrogens  accumulate  in 
the  wall  of  the  rapidly  growing  follicle  (Kumagai  &  Homma,  1974;  Shahabi  et  ah, 
1975).  However,  during  the  24  hours  before  ovulation  oestrogen  production  decreases 
and  progesterone  becomes  the  most  important  follicular  steroid  (Shahabi,  et  ah,  1975). 
The  follicle  also  becomes  much  more  sensitive  to  the  steroidogenic  effects  of  LH 
during  the  24  hours  before  ovulation  (Etches  &  Cunningham,  1976  a).  Thus,  as  the 
follicle  becomes  capable  of  ovulation,  it  secretes  more  progesterone  in  response  to  un- 
changed  or  even  depressed  (Sharp,  1976)  base-line  levels  of  plasma  LH. 

Variations  in  the  concentrations  of  plasma  oestrogens,  progesterone 
and  lutemizing  hormone  before  ovulation 

As  birds  come  into  lay  the  maturational  changes  occuring  in  the  growing  follicles  are 
reflected  in  the  levels  of  hormones  in  the  blood.  The  onset  of  ovarian  growth  is  asso- 
ciated  with  a  steady  increase  in  the  levels  of  plasma  LH  and  oestrogen  but  not  of  pro¬ 
gesterone  (Senior,  1974;  Korenbrot  et  ab,  1974;  Silver  et  ab,  1974;  Sharp,  1975; 
Cheng  &  Follet,  1976;  Williams  &  Sharp,  1977).  The  increasing  level  of  plasma 
oestrogen  is  due  to  the  presence  of  rapidly  growing  medium  sized  yellow  yolky  follicles 
while  the  concentration  of  plasma  progesterone  Starts  to  increase  only  after  the  ovary 
contains  a  mature  ovarian  follicle.  Thus  the  concentration  of  plasma  progesterone,  at 
the  onset  of  lay,  increases  about  a  day  before  ovulation  (Silver  et  ab,  1974;  Williams 
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&  Sharp,  1977).  A  high  concentration  of  plasma  progesterone  is  therefore  a  good  mar- 
ker  for  the  presence  of  a  mature  ovarian  follicle. 

In  the  laying  hen,  the  ovary  usually  contains  a  follicle  which  is  within  24  hours  of 
Ovulation  and  consequently  the  level  of  plasma  progesterone  remains  high.  As  the  time 
approaches  for  a  preovulatory  surge  of  LH  to  be  initiated  (see  below),  increased  secre- 
tion  of  progesterone  by  the  mature  follicle  results  in  a  small  rise  in  the  concentration  of 
the  Steroid  in  the  peripheral  circulation  (Williams  &  Sharp,  1978).  In  birds  laying,  on 
average,  less  than  one  egg  every  24  hours  it  is  likely  that  there  will  be  larger  daily  varia- 
tions  in  the  level  of  plasma  progesterone  which  depend  upon  the  stage  of  maturation  of 
the  largest  ovarian  follicle. 

LH  stimulates  the  secretion  of  progesterone  and  oestrogen  (Shahabi  et  ah,  1975) 
and  it  is  not  surprising  that  the  preovulatory  surge  of  plasma  LH  is  accompanied  by 
preovulatory  surges  of  both  Steroids  (Furr  et  ah,  1973;  Lague  et  ah,  1975;  Shodono  et 
ah,  1975;Tanabe,  1977). 

The  role  of  oestrogen  and  progesterone  in  the  induction  of  the  preovulatory 

release  of  luteinizing  hormone 

The  observation  that  progesterone  is  the  principal  Steroid  produced  by  mature 
ovarian  follicle  suggests  that  the  preovulatory  release  of  LH  is  due  to  the  >positive  feed- 
back’  action  of  progesterone  rather  than  oestrogen  (as  in  mammals)  on  the  brain  and 
pituitary  gland  (Fig.  1).  This  Suggestion  has  been  thoroughly  investigated  in  the  domes- 
tic  hen  and  shown  to  be  correct.  Injection  of  progesterone,  but  not  of  oestrogen,  in 
laying  hens,  or  suitably  primed  (see  below)  ovariectomized  hens,  stimulates  LH  secre- 
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Figure  1.  Diagram  to  illustrate  the 
roles  of  oestrogen  and  progesterone 
in  the  control  of  ovulation.  Proges¬ 
terone  secreted  by  the  mature  ovar¬ 
ian  follicle  stimulates  an  increased 
release  of  gonadotrophin  releasing 
hormone  (Gn-RH)  from  the  brain 
by  ‘positive  (4-ve)  feedback’.  The 
increased  release  of  Gn-RH  stimu¬ 
lates  the  preovulatory  release  of 
luteinizing  hormone  (LH)  from  the 
pituitary  gland  which  in  turn  stimu¬ 
lates  further  progesterone  secretion. 
In  this  way  the  pre-ovulatory  surge 
of  LH,  which  causes  ovulation,  is 
built  up.  Before  progesterone  can 
induce  LH  release,  the  positive 
feedback  mechanism  must  be  first 
‘primed’  for  several  days  with 
oestrogen  and  progesterone  secre¬ 
ted  by  developing  ovarian  follicles. 
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tion  (Wilson  &  Sharp,  1975  a,  1976  a,  b)  while  ovulation  can  be  blocked  by  injection 
of  anti-progesterone  serum  but  not  anti-oestradiolserum  (Furr  &  Smith,  1975).  Pro- 
gesterone  exerts  its  positive  feedback  effect  on  LH  release  by  stimulating  the  secretion 
of  gonadotrophin  releasing  Hormone  (Gn-RH)  from  the  brain  (Fig.  1)  rather  than  by 
increasing  the  sensitivity  of  the  pituitary  gland  to  Gn-RH.  This  conclusion  may  be 
drawn  from  the  observations  that  the  sensitivity  of  the  pituitary  gland  to  synthetic  LH- 
releasing  Hormone  (LH-RH)  does  not  increase  before  ovulation  (Bonney  et  ah,  1974) 
while  the  positive  feedback  action  of  progesterone  on  LH  release  can  be  blocked  by  an 
injection  of  anti-LH-RH  serum  (Fraser  &  Sharp,  1978). 

The  role  of  oestrogen  and  progesterone  in  the  maturation 
of  the  positive  feedback  mechanism 

Injection  of  progesterone  will  not  stimulate  LH  release  in  juvenile  hens  (Wilson  & 
Sharp,  1975  b),  in  adult  hens  with  regressed  ovaries  (Sharp,  unpubl.)  or  in  ovariecto- 
mized  hens  (Wilson  &  Sharp,  1976  b).  It  therefore  seems  that  the  positive  feedback 
mechanism  must  be  ‘primed’  before  it  can  be  stimulated  by  progesterone.  LH  release  is 
weakly  stimulated  in  the  hen  by  an  injection  of  progesterone  soon  after  the  onset  of 
sexual  maturation  but  the  full  positive  feedback  response  to  progesterone  is  not  obser- 
ved  until  the  largest  ovarian  follicle  is  mature  (Wilson  &  Sharp,  1975  b).  Since  this 
weak  positive  feedback  response  occurs  when  the  concentration  of  plasma  oestrogen  is 
increasing  and  the  full  response  occurs  after  the  level  of  plasma  progesterone  rises,  it  is 
likely  that  the  positive  feedback  mechanism  needs  to  be  primed  by  a  sequential  expo- 
sure  to  oestrogen  and  oestrogen  combined  with  progesterone  (Fig.  1).  This  hypothesis 
was  confirmed  in  ovariectomized  hens  in  which  it  was  found  that  LH  release  could  be 
induced  by  an  injection  of  progesterone  provided  the  birds  were  primed  for  a  week 
with  a  combination  of  injections  of  oestrogen  and  progesterone  (Wilson  &  Sharp, 
1976  b).  If  either  Steroid  was  removed  from  the  priming  schedule,  LH  release  could  not 
be  stimulated  by  an  injection  of  progesterone. 


The  timing  of  the  preovulatory  surge  of  LH 

Ovulation  and  the  preovulatory  release  of  LH  in  the  hen  occurs  only  during  a 
restricted  period  of  the  day  (Fraps,  1955;  Wilson  &  Sharp,  1973).  From  studies  on  egg 
laying  patterns  in  hens  exposed  to  ahemoral  lighting  cycles  of  between  21  and  30  hours 
(Biellier  &  Ostmann,  1960),  it  can  be  deduced  that  the  timing  of  the  preovulatory 
release  of  LH  is  probably  determined  by  a  circadian  rhythm  which  is  entrained  by  the 
anticipated  onset  of  darkness.  It  is  not  known  whether  the  pattem  of  ovulation  obser- 
ved  in  the  hen  occurs  generally  in  other  birds.  Indeed,  some  Japanese  Quail  do  not  lay 
eggs  during  a  restricted  period  of  the  day  but  lay  ‘around  the  clock’  (Planck  &  John¬ 
son,  1975).  The  neuroendocrine  basis  of  the  mechanism  timing  the  occurrence  of  pre¬ 
ovulatory  surges  of  LH  in  the  hen  is  not  fully  understood.  Fraps  (1955)  suggested  that 
it  might  be  due  to  an  increase  in  the  sensitivity  of  the  positive  feedback  mechanism  for 
an  8  hour  period  every  24  hours.  Attempts  to  demonstrate  such  a  change  in  sensitivity 
have  failed  (Wilson  &  Sharp,  1975  a;  Etches  &  Gunningham,  1976  a).  Another  Sug¬ 
gestion  is  based  on  the  observations  that  corticosterone  injections  will  stimulate  the 
release  of  LH  and  induce  ovulation  in  laying  hens  (Etches  &  Gunningham,  1976  b; 
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Sharp  &  Beuving,  1978)  and  that  there  is  a  daily  rhythm  of  plasma  corticosterone 
secretion  in  hens  (Beuving  &  Vonder,  1977).  A  nocturnal  increase  in  the  concentra- 
tion  of  plasma  corticosterone  could  trigger  preovulatory  releases  of  LH.  The  principle 
objection  to  this  hypothesis  is  that  the  amount  of  corticosterone  needed  to  induce  LH 
release  is  well  above  the  physiological  ränge  (Sharp  &  Beuving,  1978). 

A  hypothesis  currently  under  investigation  is  that  the  timing  of  the  preovulatory  re¬ 
lease  of  LH  depends  on  a  diurnal  rhythm  in  the  concentration  of  base-line  plasma  LH 
(Williams  &  Sharp,  1978).  A  nocturnal  increase  in  the  concentration  of  base-line 
plasma  LH  has  been  demonstrated  in  juvenile  chickens  (Scanes,  et  al.,  1978).  It  is  pro- 
posed  that  a  nocturnal  increase  in  the  level  of  plasma  LH  stimulates  the  maturing  ovar- 
ian  follicle  to  secrete  progesterone:  the  amount  of  progesterone  secreted  is  directly 
related  to  the  maturity  of  the  follicle.  If  the  largest  ovarian  follicle  is  fully  mature,  then 
the  nocturnal  increase  in  plasma  LH  will  stimulate  the  secretion  of  a  quantity  of 
progesterone  sufficient  to  trigger  the  positive  feedback  mechanism  and  cause  a  preovu¬ 
latory  surge  of  LH. 
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Central  Components  and  Input  Factors  in  the  Control  of  Salt  Gland  Activity 

E.  Simon,  H.  T.  Hammel  and  Christa  Simon-Oppermann 


Striking  differences  beiween  the  autonomic  control  functions  of  the  rostral  hrain 
Stern  in  mammals  and  hirds  have  heen  revealed  hy  comparative  studies  on  its  role  in 
temperature  regulation  (Simon,  1977).  The  avian  Hypothalamus  lacks  a  significant  ther- 
moreceptivity  as  it  is  typical  for  mammals  and  exhibits  a  non-thermoregulatory  temper¬ 
ature  dependence  (for  references  see  Simon-Oppermann  et  ah,  1978  b).  These  fmdings 
have  posed  the  question  to  what  degree  do  non-thermoregulatory  control  functions  of 
the  rostral  brain  stem  in  birds  deviate  from  those  m  mammals.  With  regard  to  osmo- 
regulation,  the  analysis  of  this  question  has  to  consider  a  particular  effector  System,  the 
supraorbital  sah  glands,  which  exist  in  many  birds  but  not  in  mammals.  While  the  con¬ 
trol  of  renal  excretion  by  hypothalamo-hypophyseal  hormones  establishes  a  dose  func- 
tional  link  between  the  rostral  brain  stem  and  osmoregulation,  both  in  birds  and  mam¬ 
mals,  little  is  known  about  receptive,  integrative  and  efferent  functions  of  this  brain 
stem  section  relating  to  sah  gland  activity. 


Central  components  in  sah  gland  control 

After  the  discovery  of  osmoregulatory  functions  of  the  avian  supraorbital  sah  glands 
by  Schmidt-Nielsen  et  al.  (1957),  it  was  assumed  that  their  activity  was  controlled  by 
brain  stem  osmoreceptors  as  they  exist  in  mammals  (Schmidt-Nielsen,  1960).  How- 
ever,  according  to  Hanwell  et  al.  (1972)  evidence  for  brain  stem  osmoreceptors  is 
lacking  in  birds.  These  authors  have  furthermore  shown  that  the  sah  glands  could  be 
activated  by  osmotic  Stimuli  even  in  the  decerebrated  goose.  Thus,  it  might  be  ques- 
tioned,  whether  the  Hypothalamus  was  involved  at  all  in  the  control  of  sah  gland  func- 
tion.  A  negative  answer  would  be  not  too  surprising  in  view  of  the  independent  evolu- 
tion  of  the  renal  and  sah  gland  osmoregulatory  mechanisms. 
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Figure  1.  Relationship  between  sah  gland 
secretion  and  hypothalamic  temperature  in 
an  Adelie  Penguin  during  30  min  of  dis- 
placements  of  hypothalamic  temperature 
from  its  normal  value  (39  °C)  by  means  of 
chronically  implanted  water-perfused  ther- 
modes.  The  animal  received  a  steady 
osmotic  load  of  0.4  mosm  •  min“'  by  intra- 
venous  infusion  of  a  1  molar  NaCl  solution 
(Hammel  et  al.,  1977). 


However,  observations  of  Hammel  et  al.  (1976;  1977)  indicate  that  the  Hypothala¬ 
mus  is  somehow  involved  in  the  control  of  sah  gland  function.  As  shown  by  Fig.  1, 
local  changes  of  hypothalamic  temperature  clearly  influenced  the  Adelie  penguin’s  sah 
gland  activity,  when  the  animal  secreted  under  a  steady  sah  load  by  intravenous  infu¬ 
sion  of  Hypertonie  NaCl  solution.  These  findings  were  confirmed  by  experiments  in  sah 
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adapted  Peking  ducks  in  which  hypothalamic  cooling  reduced  salt  gland  activity.  Obvi- 
ously  hypothalamic  nervous  mechanisms  exist  which  relate  to  salt  gland  activity.  Their 
temperature  dependence  is  similar  to  that  found  for  the  thermoregulatory  mechanisms 
located  in  the  same  region.  This  refers  also  to  the  hypothalamic  control  of  renal  water 
excretion;  Hypothalamic  cooling  in  ducks  induced  water  diuresis  due  to  inhibition  of 
ADH  release  (Simon-Oppermann  et  ah,  1976). 

The  apparently  identical  effects  of  local  hypothalamic  cooling  on  both  renal  and  salt 
gland  function  suggest  that  the  hypothalamus  forms  a  central  link  between  these  phy- 
logenetically  independent  osmoregulatory  effector  Systems.  Thus,  a  precondition  seems 
to  be  fulfilled  for  an  eventually  positive  answer  to  the  question  posed  by  Peaker  &  Lin- 
2ELL  (1975):  Does  the  kidney  know  when  the  salt  glands  are  switched  on  and  vice 
versa? 

The  mechanisms  by  which  hypothalamic  integration  of  salt  gland  and  kidney  func¬ 
tion  might  be  established  have  not  yet  been  elucidated.  Undoubtedly,  osmotic  stress 
and  adaptation  to  salt  loading  in  birds  with  salt  glands  lead  to  concerted  alterations  of 
the  hypothalamic  neuroendocrine  activities  (Hoffman  et  ah,  1977)  which  may  relate 
directly  to  the  reduced  renal  fluid  volume  clearance.  However,  hormones  appear  to  be 
of  minor  importance  in  the  acute  adjustments  of  salt  gland  function  which  is  mainly 
under  neural  control  by  secretory  fibres  of  Nn.  VII  and  IX.  Thus,  with  respect  to  the 
efferent  hypothalamic  osmoregulatory  mechanisms,  control  of  the  salt  gland  and  the 
kidney  functions  appear  to  have  little  in  common.  This  Statement  does  not  deny  the 
important  roles  of  hormones  as  permissive  factors  in  establishing  salt  gland  perform- 
ance.  Concerning  afferent  hypothalamic  osmoregulatory  mechanisms,  the  lack  of  brain 
Stern  osmoreceptors  in  birds  as  sensors  in  the  control  of  salt  gland  function  would  fit 
with  the  idea  of  generally  less  developed  receptive  functions  in  the  avian  as  compared 
to  the  mammalian  hypothalamus  which  is  suggested  by  the  previously  mentioned  dif- 
ferences  in  the  thermoreceptive  capabilities.  This  would  mean  that  the  hypothalamic 
linkage  between  renal  and  salt  gland  control  in  birds,  as  it  is  indicated  by  the  local  tem¬ 
perature  dependence  of  both  Systems,  would  be  restricted  to  integrative  functions  of 
hypothalamic  neurons.  The  alternative  idea  that  brain  stem  osmoreceptors  act  only  on 
the  renal  osmoregulatory  mechanisms  (Deutsch  &  Simon,  1980)  would  not  interfere 
with  this  conclusion. 


Input  factors  in  salt  gland  control 

The  analysis  of  the  afferent  mechanisms  by  which  the  kidneys  and  salt  glands  are 
controlled  in  birds  has  proceeded  from  the  idea  that  the  avian  regulation  System  for 
fluid  and  electrolyte  balance  is  analogous  to  that  of  mammals.  Accordingly,  brain  stem 
osmoreceptors  have  been  assumed  to  control  salt  gland  activity  (Schmidt-Nielsen, 
1960).  In  addition,  blood  volume  receptors  which  are  important  in  mammalian  osmo- 
and  volume-regulation  have  also  been  taken  into  consideration  as  input  factors  in  salt 
gland  control. 

Tonicity 

Although  the  idea  of  brain  stem  osmoreceptors  Controlling  salt  gland  activity  has  not 
gained  experimental  support  the  importance  of  osmoreception  or,  more  correctly,  toni- 
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Table  1 .  Re^onse  of  avian  salt  gland  to  intravenous  administration  of  various  hyperosmotic  solu- 
t.ons  (from  Peaker  &  L.nzell.  1975,  and  own  observations).  Streng  +  and  weak  (  +  )  activation, 

no  change  0,  Inhibition  — 

Solution 


NaCl 

Sucrose 

Mannitol 

Na2S04 

NH4CI 

LiCl 

KCl 

Urea 

Glucose 


Response 

Species 

+ 

many 

+ 

cormorant,  duck,  gull,  goose 

+ 

duck,  gull 

+ 

goose 

+ 

duck 

+ 

goose 

(  +  ) 

duck 

-  or  0 

duck 

(  +  ) 

duck 

City  reception  has  been  convincingly  demonstrated  by  many  investigators  (Peaker  & 
Linzell,  1975).  Osmotically  active  substances  with  a  predominantly  extracellular  dis- 
tribution  stimulate  the  salt  gland  when  administered  as  hyperosmotic  Solutions 
(Table  1).  The  investigations  of  Hanwell  et  al.  (1972)  have  presented  evidence  that  at 
least  a  significant  fraction  of  the  responsible  osmoreceptors  are  located  in  the  central 
sections  of  the  cardiovascular  System. 
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Figure  2.  Effects  of  withdrawal  and 
reinfusion  of  blood  on  salt  gland 
activity  and  on  plasma  osmolality 
and  electrolytes  in  conscious  Peking 
ducks.  The  animals  received  a 
steady  osmotic  load  of 
0.175  mosm  •  min~'  by  intravenous 
infusion  of  a  NaCl  solution  of  700 
mosm  •  kg“';  means  with  Standard 
errors  of  8  experiments. 
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V  olume 

The  question  whether  osmoregulatory  signals  do  exclusively  account  for  salt  gland 
control,  and  the  working  hypothesis  that  blood  volume  receptors  are  additionally 
involved  (Holmes,  1965)  have  been  repeatedly  investigated  and  much  debated.  In  1975, 
Peaker  &  Linzell  have  examined  the  conflicting  reports  and  arrived  at  the  conclusion 
that  blood  volume  receptors  most  likely  do  not  participate  in  the  control  of  salt  gland 
activity.  However,  recent  pubhcations  show  that  the  question  of  volume  factors 
involved  in  salt  gland  control  has  not  been  definitely  settled  (Zucker  et  ab,  1977, 
Peaker,  1978). 

In  Peking  ducks  adapted  to  chronic  salt  loading,  experimental  conditions  could  be 
realized  in  which  salt  gland  activity  did  not  correlate  with  plasma  osmolahty  nor  with 
plasma  Na^  (Hammel  et  ah,  1978;  Deutsch  &  Simon,  1978),  indicating  that  additional 
input  factors  must  indeed  be  involved  m  salt  gland  control.  Therefore,  the  effects  of 
volume  changes  on  salt  gland  activity  were  reexamined.  Fig.  2  shows  the  effects  of 
withdrawing  and  infusmg  approximately  15  9/o  of  the  blood  volume  on  salt  gland  activ¬ 
ity  of  salt  adapted  ducks  secreting  in  response  to  a  submaximal  load  of  hyperosmotic 
NaCl  Solution.  Blood  withdrawal  caused  a  temporary  Inhibition  and  reinfusion  some 
activation  af  salt  gland  secretion.  However,  this  result  cannot  be  considered  as 
unequivocal  evidence  for  salt  gland  control  by  blood  volume  receptors,  smce  the  blood 
volume  changes  expectedly  caused  secondary  equidirectional  changes  of  the  interstitial 


Figure  3.  Effects  of  intermittent 
loading  of  a  conscious  Peking  duck 
with  NaCl  Solution  of 
1000  mosm  •  kg~'  at  a  rate  of 
0.4  mosm  •  min“'  with  (C)  and 
without  (A,  B,  D)  20  %  dextran  on 
salt  gland  activity  and  plasma  osmo- 
lality.  The  changes  in  the  body  fluid 
compartments  were  estimated  from 
salt  and  water  in-  and  output  and 
from  changes  in  hematocrit  and  red 
blood  cell  countings  and  were  based 
on  the  measurements  of  Ruch  & 
Hughes  (1975). 

Fig.  3  shows  the  result  of  an  experimental  procedure  by  which  interstitial  and  blood 
volumes  were  changed  oppositely  under  otherwise  identical  conditions  of  salt  gland 
Stimulation.  The  first  two  experimental  periods  (A,  B)  of  the  diagram  illustrate  a  kind 
of  salt  loading  to  which  salt-adapted  Peking  ducks  responded  predictably  so  as  to 
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maintain  a  balanced  state  between  salt  input  and  output.  First,  NaClin  H2O  solution  of 
a  concentration  equal  to  that  of  the  average  salt  gland  fluid,  i.e.  1000  mosm  •  kg“'  was 
infused  at  a  rate  of  0.4  ml  ■  min“'  until  the  salt  glands  were  definitely  stimulated  (A). 
When  the  Infusion  was  stopped,  the  animal  gradually  reduced  its  salt  gland  secretion 
within  some  30  to  45  min  until  it  could  be  presumed  that  it  had  reached  the  threshold 
of  salt  gland  activity.  This  assumption  could  be  verified  by  the  observation  that  a  subse- 
quent  Standard  load  consisting  in  a  90  min  infusion  of  the  same  solution  at  the  same 
rate  was  put  out  exactly,  with  a  latency  of  30  to  45  min,  and  with  a  negligible  change  of 
plasma  osmolality  (B).  Many  control  experiments  with  repeated  Standard  loading  have 
confirmed  that  input  of  salt  and  water  by  infusion  and  output  by  salt  gland  secretion 
were  balanced  within  a  few  percent  of  the  load  and  at  virtually  constant  plasma  osmo- 
lalities  (Hammel  et  ab,  1978).  It  was  presumed  that  under  otherwise  identical  condi- 
tions  changes  of  blood  and/or  interstitial  volume  or  shifts  between  these  compartments 
should  disturb  this  balance,  if  one  or  the  other  volume  factor  was  involved  in  salt  gland 
control  (Simon-Oppermann  et  ah,  1978  a).  Part  C  of  the  figure  demonstrates  the  cru- 
cial  part  of  the  experiment:  The  effect  of  the  Standard  salt  load  was  compared  with  that 
of  the  same  load,  however,  with  20  %  dextran  added,  which  is  known  to  be  retained  in 
the  vascular  System  according  to  its  high  molecular  weight  (mean  of  60,000).  Obvi- 
ously,  the  response  to  the  Standard  salt  load  with  the  dextran  added  was  definitely 
reduced.  This  inhibition  was  associated  with  a  considerable  water  shift  from  the  inter- 
stitial  to  the  mtravascular  compartment  which  could  be  deduced  from  the  reductions  of 
hematocrit  and  red  blood  cell  countings  and  was  due  to  the  high  oncotic  pressure  of 
the  dextran.  The  only  partial  removal  of  the  salt  load  caused  a  rise  of  plasma  osmolality 
at  the  end  of  secretion  in  period  C,  i.e.  when  the  animal  had  returned  to  the  threshold 
of  salt  gland  activity.  This  threshold  was  now  characterized  by  an  elevated  plasma 
osmolality  and  a  reduced  interstitial  volume  (or  increased  blood  volume).  At  this  new 
threshold  condition,  the  animal  typically  reacted  to  the  final  Standard  load  (D)  by 
excreting  approximately  the  same  amount  of  fluid  and  salt  as  administered  by  the  load. 

The  decision  whether  the  reduction  of  the  interstitial  volume  or  the  mcrease  of  blood 
volume  accounted  for  the  inhibition  of  salt  gland  activity  follows  from  a  comparison  of 
a  variety  of  experimental  procedures  affecting  salt  gland  activity  and  one  or  both 
extracellular  compartments.  Table  2  indicates  that  the  only  compartment  whose 


Table  2;  Relationship  between  salt  gland  activity  and  changes  in  the  body  fluid  Compartments  to 
be  expected  at  various  experimental  conditions  (investigations  in  conscious  Peking  ducks; 
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changes  were  directionally  correlated  with  the  changes  of  salt  gland  activity  was  the 
interstitial  compartment.  Therefore,  the  Statement  of  Peaker  (1978)  that  an  increase 
in  blood  volume  per  se  does  not  initiate  salt-gland  secretion  in  geese  and  ducks  is 
extended  by  the  hypothesis  that  the  interstitial  volume  is  an  input  factor  in  salt  gland 
control  besides  the  tonicity  of  the  extracellular  fluid. 

The  way  in  which  a  change  of  interstitial  volume  influences  salt  gland  activity 
remains  to  be  elucidated.  Receptors  somewhere  in  the  body  signalling  volume  changes 
to  the  osmoregulatory  neurons  in  the  brain  have  to  be  taken  into  consideration. 
Changes  of  the  interstitial  space  or  pressure  in  the  salt  gland  itself  cannot  be  excluded 
as  a  mode  by  which  salt  gland  activity  is  influenced.  Whatever  the  final  answer  will  be, 
the  studies  on  salt  gland  control  have  presented  evidence  for  this  quite  unexpected  pos- 
sibility  of  a  direct  involvement  of  a  fluid  compartment  in  the  control  of  water  and  elec- 
trolyte  balance  which  had  previously  been  assumed  to  act  only  indirectly  through  blood 
volume  changes.  The  implications  of  this  hypothesis  might  generally  alter  our  view 
about  the  mechanisms  of  body  fluid  homeostasis,  if  its  validity  could  also  be  demon- 
strated  for  other  osmoregulatory  effector  organs  in  birds  and  mammals. 

Acknowledgement 

These  investigations  have  been  supported  by  Deutsche  Forschungsgemeinschaft  (Si  230/2) 

References 

Deutsch,  H.,  &  E.  Simon  (1978):  Pflügers  Arch.  373  (Suppl.),  R35. 

Deutsch,  H.,  &  E.  Simon  (1980):  /«Acta  XVII  Congr.  Intern.  Ornithol.  Berlin. 

Hammel,  H.  T.,  J.  Maggert,  E.  Simon,  L.  Crawshaw  &  R.  Kaul  (1977):  p.  489—500.  In  G.  A. 
Llano  (Ed.)  Adaptations  within  Antarctic  Ecosystems.  Smithsonian  Institution,  Washing¬ 
ton  D.  C. 

Hammel,  H.  T.,  Ch.  Simon-Oppermann,  C.  Jessen  &  E.  Simon  (1976):  Fed.  Proc.  35,  481. 
Hammel,  H.  T.,  Ch.  Simon-Oppermann  &  E.  Simon  (1978):  Fed.  Proc.  37,  No.  3. 

Hanwell,  A.,  J.  L.  Linzell  &  M.  Peaker  (1972):  J.  Physiol.  (London)  226,  453  —  472. 

Hoffman,  D.  L.,  J.  H.  Abel  jr.  &  T.  H.  McNeill  (1977):  Cell  and  Tissue  Research,  182, 
177-191. 

Holmes,  W.  N.  (1965):  Archives  d’anatomie  microscopique  et  de  morphologie  experimentale  54, 
491-513. 

Peaker,  M.  (1978):  J.  Physiol.  (London)  276,  66  P. 

Peaker,  M.,  &  J.  L.  Linzell  (1975):  Salt  glands  in  Birds  and  Mammals.  Cambridge  University 
Press,  Cambridge. 

Ruch,  F.  E.,  &  M.  R.  Hughes  (1975):  Comp.  Biochem.  Physiol.  52  A,  21—28. 
Schmidt-Nielsen,  K.  (1960):  Circulation  21,  955  —  967. 

Schmidt-Nielsen,  K.,  C.  B.  Jörgensen  &  H.  Osaki  (1957):  Fed.  Proc.  16,  113 — 114. 

Simon,  E.  (1977):  Proc.  Internat.  Union  Physiol.  Sei.  XII,  806. 

Simon-Oppermann,  Ch.,  H.  T.  Hammel  &  E.  Simon  (1978  a):  Pflügers  Arch.  373  (Suppl.),  R  35. 
Simon-Oppermann,  Ch.,  H.  T.  Hammel,  E.  Simon  &  C.  Jessen  (1976  b):  Pflügers  Arch.  365 
(Suppl.),  R  26. 

Simon-Oppermann,  Ch.,  E.  Simon,  C.  Jessen  &  H.  T.  Hammel  (1978  b):  Am.  J.  Physiol.  235, 
R  130-140. 

Zucker,  I.  H.,  C.  Gilmore,  J.  Dietz  &  J.  P.  Gilmore  (1977):  Am.  J.  Physiol.  232,  R  185-189. 


257 


Renal  Glomerular  and  Tubulär  Contributions  to  Osmoregulation 

William  H.  Dantzler 

Introduction 

The  kidneys  play  a  central  role  in  osmoregulation  in  birds  by  helping  to  control  the 
excietion  of  lons  and  water.  Some  species  of  birds  also  have  additional  glands  for  the 
excretion  of  lons.  Moreover,  the  composition  of  the  initial  urine  produced  by  the  avian 
nephrons  may  be  substantially  modified  by  structures  distal  to  the  kidneys  before  it  is 
finally  excreted.  Nevertheless,  the  kidneys  are  responsible  for  the  formation  of  the 
initial  urine  and  are,  therefore,  quantitatively  very  important  for  the  regulation  of  the 
excretion  of  ions  and  water. 

In  this  paper,  I  shall  discuss  some  of  the  results  that  we  have  obtained  by  direct  stud- 
ies  of  individual  nephrons  and  attempt  to  demonstrate  the  ways  in  which  regulation  of 
the  function  of  individual  nephrons  may  mfluence  the  excretion  of  lons  and  water.  I 
shall  concentrate  primarily  on  the  regulation  of  glomerular  filtration  rate,  and  its  rela- 
tionship  to  fluid  absorption,  the  osmolarity  of  the  urine,  and  the  excretion  of  ions  and 
water. 


Anatomy  of  the  avian  kidney 

The  avian  kidney  contains  a  mixture  of  nephrons  resembling  those  of  reptiles  and 
those  of  mammals  (Braun  &  Dantzler,  1972).  Most  nephrons  (about  90  %  in  Gam- 
bel  s  Quail,  Braun  &  Dantzler,  1972;  about  70  %  in  Starlings,  Braun,  1978),  are  of 
the  reptilian-type.  They  are  located  superficially  in  the  kidney,  consist  only  of  proximal 
and  distal  tubules  withouth  loops  of  Henle,  and  drain  at  right  angles  into  collecting 
ducts.  Thus,  they  do  not  function  together  to  contribute  directly  to  the  concentrating 
mechanism  of  the  kidney. 

Some  nephrons  (about  10  %  in  Gambel’s  Quail,  Braun  &  Dantzler,  1972;  about 
30  %  in  Starlings,  Braun,  1978)  are  of  the  mammalian  type.  These  are  situated  deep  to 
the  reptilian-type  nephrons,  have  highly  convoluted  proximal  tubules,  loops  of  Henle 
with  thick  and  thin  limbs,  and  distal  convoluted  tubules.  The  loops  of  Henle  from  these 
mammalian-type  nephrons,  the  vasa  recta,  and  the  collecting  ducts  which  drain  both 
the  reptihan-type  and  the  mammahan-type  nephrons  are  bound  by  a  connective  tissue 
sheath  into  medullary  cones.  This  arrangement,  as  in  the  mammalian  kidney,  permits 
the  avian  kidney  to  produce  a  urine  hyperosmotic  to  the  plasma. 

Changes  in  overall  glomerular  filtration  rate 

Since  the  rate  of  formation  of  ultrafiltrate  at  each  renal  glomerulus  determines  the 
rate  at  which  fluid  is  dehvered  to  the  lumen  of  the  corresponding  proximal  tubule,  it 
helps  to  determine  the  volume,  ionic  content,  and,  possibly,  the  osmolarity  of  the  final 
urine.  Therefore,  changes  in  the  glomerular  filtration  rate  (GFR)  may  play  an  impor¬ 
tant  role  in  osmoregulation. 
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Clearance  measurements  of  Overall  GFR  (a  composite  of  all  the  single  nephron 
GFRs)  have  been  made  for  a  number  of  birds,  without  sali  glands,  during  different 
States  of  hydration  or  during  the  intravenous  administration  of  a  hyperosmotic  sodium 
Chloride  solution  (1  mol/1)  (Table  1).  The  overall  GFR  for  the  gallinaceous  birds,  at 
least,  tends  to  decrease  with  a  sah  load  and  increase  with  a  water  load.  The  one  passer¬ 
ine  species,  the  Starling,  studied  in  a  comparable  fashion  did  not  show  a  decrease  in 
Overall  GFR  with  a  sah  load.  However,  it  should  be  noted  that  these  birds  could  not 
toleraie  the  same  sah  load  (only  32  mEq/kg  body  weight)  that  produced  the  marked 
decrease  in  overall  GFR  in  the  gallinaceous  birds  (about  45  mEq/kg  body  weight). 
Some  Variation  in  the  magnitude  of  this  glomerular  response  also  appears  to  occur 
among  gallinaceous  birds  from  different  habitats.  The  reasons  for  these  veriations  in 
glomerular  response  are  not  yet  understood,  but  the  Important  point  for  the  current 
discussion  is  that  the  overall  GFR  in  some  birds,  at  least,  can  vary  with  hydration  and, 
therefore,  may  contribute  to  osmoregulation. 


Table  1:  Total  kidney  glomerular  fihration  rate  (GFR) 


Environment  and 
mode  of  existence 

Species 

Control 

GFR 

ml  kg“'  min“' 
Salt  load 

Water  load 

Moist,  terrestrial 

Chickens 

1.23  ±  0.04 

0.35  ±  0.04 

3.18  ±  0.04 

gallinaceous 

( Gallus  gallus) 

(137) 

(20) 

(77) 

Semi  arid,  terrestrial 

Gambel’s  Quail 

0.88  ±  0.04 

0.15  ±  0.02 

1.39  ±  0.22 

gallinaceous 

(Lophortyx  gamhelii) 

(97) 

(4) 

(8) 

Moist,  terrestrial 

Starling 

2.82  ±  0.08 

2.81  ±  0.21 

passerine 

(Stu  rn  US  vulga  ris ) 

(34) 

(5) 

Values  are  means  ±  SE.  Numbers  in  parenthese  are  sample  sizes.  Values  for  chickens  are  from  Dantzler, 
1966,  and  Ames  et  ab,  1971;  for  Gambel’s  Quail,  from  Braun  &  Dantzler,  1972,  1975;  for  Starlings,  from 
Braun,  1978. 


Changes  in  single  nephron  glomerular  fihration  rates  and  number  of  nephrons  filtering 

Alterations  in  overall  GFR,  when  they  occur,  appear  to  involve  primarily  changes  in 
the  number  of  glomeruli  filtering  (Dantzler,  1966;  Braun  &  Dantzler,  1972,  1974, 
1975;  Braun,  1978).  Ahhough  variaiions  in  the  fihration  rates  of  glomeruli  that  conti- 
nue  to  function  also  occur,  variations  in  the  number  of  glomeruli  actually  filtering 
appear  to  be  more  important  for  the  regulation  of  overall  GFR  and  may  be  of  particu- 
lar  importance  in  the  regulation  of  urine  osmolarity. 

The  concept  that  changes  in  overall  GFR  resuh  from  changes  in  the  number  of 
glomeruli  filtering  was  first  suggested  by  our  studies  on  domestic  chickens  showing 
that  the  maximum  rates  (Tm)  for  the  renal  tubulär  transport  of  p-aminohippurate 
(PAH)  and  glucose  varied  directly  with  overall  GFR  (Dantzler,  1966).  If  changes  in 
overall  GFR  resuhed  from  changes  in  the  amount  fihered  by  each  glomerulus  with  all 
continuing  to  function,  the  Tm  for  PAH  secretion  or  glucose  absorption  would  not  be 
expected  to  change  since  the  mass  of  tissue  transporting  PAH  and  glucose  would  not 
have  changed. 
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In  terms  of  this  type  of  evidence  for  changes  in  the  number  of  filtering  nephrons, 
the  avian  kidney  resembles  that  of  reptiles  (Dan'izler  &  Schmidt-Niki. sen,  1966; 
Dantzler,  1967)  and  not  that  of  mammals.  However,  the  avian  kidney  consists  of  both 
reptilian-type  and  mammahan-type  nephrons.  We  were  interested  in  determining 
whethei  a  decrease  in  the  number  of  filtering  nephrons  during  a  sah  load  or  dehydra- 
tion  involved  both  nephron  types.  We  had  suggested  that  only  nephrons  of  the  reptilian 
type,  which  empty  at  right  angles  into  collectmg  ducts  and  do  not  function  together  to 
conti  ibute  directly  to  the  concentrating  mechanism,  might  cease  functioning.  This 
would  peimit  nephrons  of  the  mammalian  type  to  continue  functioning  together, 
allowmg  mamtenance  of  the  concentrating  ability.  Smce  studies  of  the  relationship  of 
the  Tm  for  PAH  secretion  and  glucose  absorption  to  GFR  are  too  mdirect  to  indicate 
whether  apparent  changes  in  the  number  of  filtering  nephrons  reflect  changes  in  one 
type  of  nephron  only,  we  measured  single-nephron  glomerular  filtration  rates 
(SNGFR)  directly  by  the  continuous  sodium  ferrocyanide  Infusion  technique  of  de 
Rouffignac  et  al.  (1970). 

During  the  sah  load  which  produced  the  decrease  m  overall  GFR  m  Gambel’s  Quail 
shown  in  Table  1,  virtually  all  the  reptilian-type  nephrons  ceased  filtering  (Table  2). 
Studies  m  which  the  renal  vasculature  was  filled  with  a  sihcone  elastomer  mdicate  that 
this  results  from  vasoconstriction  at  the  level  of  the  afferent  glomerular  arterioles 
(Braun,  1976).  All  the  mammalian-type  nephrons  continued  filtering,  but  there  was  a 
small  decrease  m  the  SNGFR  for  these  nephrons  (Table  2).  However,  smce  about 
90  °/o  of  the  nephrons  in  this  avian  species  are  of  the  reptilian-type,  the  decrease  in  the 
number  of  filtering  reptilian-type  nephrons  accounted  for  most  of  the  decrease  in  the 
Overall  GFR  observed  with  the  sah  load  (Braun  &  Dantzler,  1972).  It  should  also  be 
noted  that  even  during  a  control  diuresis  only  71  %  of  the  reptilian-type  nephrons 
were  filtering. 

During  the  water  load  that  produced  the  increase  in  overall  GFR  in  Gambel’s  Quail 
shown  in  Table  1,  all  the  reptilian-type  nephrons  were  filtering  and  the  SNGFR  for 
both  mammalian-type  and  reptilian-type  nephrons  approximately  doubled  (Table  2). 
Thus,  the  increase  m  overall  GFR  obseiwed  m  this  avian  species  during  a  large  intrave- 
nous  water  load  (about  15  ml  of  a  125  mosmol/1  glucose  and  sahne  solution)  resulted 
from  a  marked  increase  both  m  the  number  of  filtering  reptihan-type  nephrons  and  in 
the  SNGFR  of  all  nephrons  (Braun  &  Dantzler,  1975). 

The  Separation  between  the  function  of  the  reptihan-type  and  mammahan-type 
nephrons  is  less  clear  for  the  one  passerine  species,  the  Starling,  in  which  SNGFRs 
have  been  measured  (Table  2)  (Braun,  1978).  The  SNGFRs  for  the  mammalian-type 
and  reptilian-type  nephrons  during  a  control  mannitol  diuresis  were  virtually  the  same 
as  those  for  Gambel’s  Quail  under  the  same  circumstances  (Table  2).  However,  since 
there  are  more  nephrons  in  the  Starling  kidney  (about  74,000)  than  in  the  Quail  kidney 
(about  47,000),  the  overall  GFR  for  the  Starling  was  grater  than  that  for  the  Quail 
(Table  1).  It  was  not  possible  to  make  an  accurate  determination  of  the  percent  of 
nephrons  filtering  in  the  Starling  kidney  during  the  control  diuresis,  but  if  all  the  mam¬ 
malian-type  and  reptilian-type  nephrons  were  filtering  at  the  obsei-ved  rates  (Table  2), 
the  overall  GFR  would  have  been  far  higher  than  that  actually  measured  (Table  1). 
Br^\un  (1978)  estimated  that  this  overall  GFR  could  be  attained  if  20  °/o  of  the  mam¬ 
malian-type  and  45  °/o  of  the  reptilian-type  nephrons  were  filtering  (Table  2).  It  is  not 


260 


SYMPOSIUM  ON  OSMOREGULATION 


Table  2:  Single  nephron  glomerular  filtration  rates  (SNGFR) 


Mammalian-type  nephrons 

Reptilian-type  nephrons 

Treatment 

SNCFR 

percent 

SNCFR 

percent 

nl  min“' 

filtering 

nl  min“' 

filtering 

Cambel’s  Quail 

(Lophortyx  gambelii) 

Control 

14.6  ±  0.79 

100 

6.4  ±  0.20 

71 

(2.5  %  Mannitol) 

(27) 

(41) 

Salt  load 

12.7  ±  0.52 

100 

— 

0 

(45  mEq/kg) 

(70) 

Water  load 

33.2  ±  1.57 

100 

11.4  ±  0.75 

100 

(155) 

(146) 

Arginine  vasotocin 

(10  ng  kg“') 

11.3  ±  0.89 

100 

4.7  ±  1.05 

52 

(102) 

(31) 

(50  ng  kg-') 

16.5  ±  0.75 

100 

6.9  ±  0.42 

26 

(64) 

(26) 

Starling  (Sturnus  vulgaris) 

Control 

15.6  ±  0.75 

?  20 

7.0  ±  0.35 

?  45 

(2.5  %  Mannitol) 

(208) 

(185) 

Salt  load 

14.6  ±  0.61 

?  72 

— 

0 

(32  mEq/kg) 

(28) 

Values  are  means  ±  SE.  Numbers 

in  Parenthese  are  sam 

iple  sizes.  Values  for  control  and  sah 

load  for  quail 

are  from  Braun  &  Dantzler,  1972:  for  water  load,  from  Braun  &  Dantzler,  1975;  for  arginine  vasotocin, 
from  Braun  &  Dantzler,  1974.  Values  for  starlings  are  from  Braun,  1978. 


at  all  certain  whether  the  mammalian  Type  nephrons  that  are  not  filtering  are  small 
transitional  nephrons  with  short  loops  of  Henle  or  larger  nephrons  with  long  loops. 
Düring  the  maximum  intravenous  sah  load  tolerated  by  the  starlings,  essentially  all  the 
reptilian-type  nephrons  ceased  filtering,  but  the  SNGFR  for  those  mammalian-type 
nephrons  filtering  remained  at  the  control  level  (Table  2).  Since  the  Overall  GFR  did 
not  change,  the  fraction  of  mammalian-type  nephrons  filtering  must  have  increased  to 
about  72  %  (Table  2). 

Regulation  of  glomerular  filtration  rates  and  number  of  nephrons  filtering 

by  arginine  vasotocin 

The  neurohypophysial  hormone  arginine  vasotocin  (AVT)  appears  to  play  an 
important  role  in  regulating  the  glomerular  filtration  rate  of  birds.  The  intravenous 
administration  of  40  ng  AVT/kg  caused  some  depression  of  overall  GFR  in  chickens 
(Ames  et  al.  1971)  while  as  little  as  10  ng  AVT/kg  produced  a  significant  decrease  in 
Overall  GFR  in  Gambel’s  quail  (Braun  &  Dantzler,  1974).  Intravenous  doses  of  50  ng 
AVT/kg  or  less  had  no  effect  on  systemic  arterial  pressure  in  either  species  (Ames  et 
ah,  1971 ;  Braun  &  Dantzler,  1974).  These  doses  appear  to  be  within  the  ränge  of  pos- 
sible  physiological  release  (Munsick,  1964;  Braun  &  Dantzler,  1974). 

In  Gambel’s  quail,  intravenous  doses  of  10  ng  AVT/kg  and  50  ng  AVT/kg  had  no 
significant  effect  on  the  SNGFR  of  either  mammalian-type  or  reptilian-type  nephrons 
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(Table  2).  However,  the  fraction  of  reptilian-type  nephrons  filtering  was  reduced  from 
71  %  during  the  control  periods  to  50  %  following  10  ng  AVT/kg  and  26  %  following 
50  ng  AVT/kg  (Table  2).  The  decrease  in  overall  GFR  following  these  doses  was 
accounted  for  quantitatively  by  the  decrease  in  the  number  of  filtering  reptilian-type 
nephrons  (Braun  &  Dantzler,  1974).  The  results  of  Braun’s  recent  studies  (personal 
communication)  on  the  effects  of  acute  neurohypophysectomy  in  Gambel’s  quail  also 
Support  the  concept  that  AVT  helps  to  control  the  glomerular  filtration  rate  and  the 
number  of  filtering  nephrons  in  birds.  Following  acute  neurohypophysectomy,  which, 
presumably,  removed  endogenous  AVT,  the  mean  systemic  blood  pressure  was 
reduced  by  about  20  mm  Hg,  the  overall  GFR  and  the  SNGFRs  for  both  the  mammal- 
lan-type  and  reptilian-type  nephrons  decreased  by  30-40  %,  but  all  the  reptilian-type 
as  well  as  all  the  mammalian-type  nephrons  were  filtering.  These  data  suggest  that 
^  pressor  effect  to  help  maintain  the  normal  systemic  blood  pressure  and, 
theiefore,  the  normal  renal  blood  flow  and  SNGFR,  and  that  it  also  regulates  the  num¬ 
ber  of  filtering  reptilian-type  nephrons  by  altering  the  resistance  at  the  level  of  the 
afferent  arteriole. 


Relationship  of  the  effect  of  arginine  vasotocin  on  the  number  of  filtering  nephrons  to 

the  concentrating  ability  of  the  avian  kidney 

Arginine  vasotocin  appears  to  be  a  true  antidiuretic  hormone  in  birds  (Munsick, 
1964).  Its  antidiuretic  effect  has  been  considered  to  result  primarily  from  an  ability  to 
increase  the  permeability  of  the  collecting  duct  (and,  possibly,  the  distal  tubule)  to 
water,  thereby  permitting  fluid  in  the  collecting  ducts  to  equilibrate  with  the  intersti- 
tium  of  the  medullary  cones  (Skadhauge,  1964;  Ames  et  ah,  1971).  However,  the  effect 
of  AVT  on  tubulär  permeability  to  water  has  never  been  documented  directly  for  avian 
nephrons.  Moreover,  AVT  appears  to  produce  a  decrease  in  overall  GFR  by  reducing 
the  number  of  filtering  nephrons  in  a  manner  similar  to  that  observed  with  a  sah  load 
or  dehydration.  Such  a  mechanism  is  practical  for  the  reptilian-type  nephrons  which  do 
not  function  together  to  produce  a  urine  hyperosmotic  to  the  plasma.  This  mechanism 
can  conserve  water  at  the  expense  of  exereting  some  lons  and  mtrogenous  waste.  More 
importantly,  perhaps,  it  reduces  the  volume  flow  rate  through  the  collecting  ducts.  In 
birds,  all  the  reptilian-type  nephrons  contribute  to  the  fluid  flowing  through  the 
collecting  ducts  in  the  medullary  cones.  From  the  data  for  Gambel’s  quail  in  Tabel  2, 
we  can  calculate  that  the  volume  flow  rate  through  the  collecting  ducts  is  reduced  by 
about  40  %  from  the  control  level  following  the  administration  of  10  or  50  ng  AVT/ 
hg-  This  reduction,  resultmg  primarily  from  a  reduction  m  the  number  of  filtering  rep- 
tihan-type  nephrons,  may  be  more  important  than  any  increase  m  tubulär  permeability 
to  water  in  enhancing  the  concentrating  ability  of  the  avian  kidney. 

Although  the  effects  of  AVT  have  not  yet  been  evaluated  in  starlings,  a  sah  load  pro- 
duces  a  decrease  in  the  number  of  filtering  reptilian-type  nephrons  similar  to  that 
observed  in  the  quail  and  also  an  increase  in  the  number  of  filtering  mammalian-type 
nephrons  (Table  2)  (Braun,  1978,  in  press).  This  pattem  also  may  result  from  the  effect 
of  AVT  on  the  distribution  of  renal  blood  flow.  The  decrease  in  the  number  of  filtering 
reptilian-type  nephrons  will  reduce  volume  flow  through  the  collecting  ducts  and  the 
increase  in  the  number  of  filtering  mammalian-type  nephrons  will  enhance  the  effec- 
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tiveness  of  the  countercurrent  multiplier  System  in  producing  an  osmotic  gradient  from 
the  base  to  the  tip  of  the  medullary  cones.  Thus,  changes  in  the  number  of  filtering 
mammalian-type  and  reptilian-type  nephrons  both  may  influence  the  concentrating 
ability  of  the  avian  kidney. 
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Introduction 

In  birds,  the  excretion  of  most  waste  nitrogen  (N)  as  urate  (i.e.  uric  acid  or  any  other 
urate  compound)  may  aid  in  water  Conservation  in  both  embryonic  and  post-embry- 
onic  life.  Historically,  there  has  been  abundant  recognition  of  the  potential  osmotic 
advantages  of  excreting  urate  as  a  nitrogenous  waste  in  terrestrial  vertebrates  with  clei- 
doic  eggs.  In  addition,  generalizations  about  the  advantages  of  urate  excretion  for  the 
adult  animal  abound  m  the  hterature,  but  these  have  not  been  evaluated  adequately. 

Patterns  of  excretion  of  nitrogenous  wastes 

Total  urinary  N  excretion  (O’Dell  et  ah,  1960;  Tasaki  &  Okumura,  1964;  Teekell 
et  ah,  1968)  and  plasma  uric  acid  levels  (e.g.  Okumura  &  Tasaki,  1969)  are  positively 
correlated  with  dietary  N  mtake  of  chickens  (Gullus  gullus).  In  general,  water  con- 
sumption  Increases  in  parallel  with  protein  intake  in  chickens  (e.g.  James  &  Wheeler, 
1949),  pigeons  Columba  livia  (McNabb  et  ah,  1972)  and  probably  in  ducks  Anas  platy- 
rhynchos  (Stewart  et  ah,  1968).  However,  when  water  is  limited,  chickens  on  high  pro- 
tem  diets  reduce  their  food  mtake  so  that  protem-N  mtake  equals  that  on  a  low  protein 
diet  (McNabb  et  ah,  1973  a). 

li^  /o  of  waste  N  as  urate  is  the  criterion,  all  birds  studied  to  date  are  uricotehc 
(see  for  e.g.  Table  II,  Shoemaker,  1972).  Most  studies  have  utilized  galliform  birds, 
and  despite  Variation  in  techniques  and  experimental  conditions,  have  ranked  urate 
highest  (54  —  87  %),  followed  by  ammonia  (3  —  30  %),  then  urea  (1  —  12  °/o).  Varia- 
tions  do  occur,  but  there  were  no  consistent  statistically  significant  changes  in  the  pro- 
portions  of  urinary  N  components  in  the  studies  cited  above.  This  generalization  also 
appears  to  be  valid  for  pigeons  (McNabb  et  ah,  1972). 

Recently,  we  have  found  a  statistically  significant  increase  in  the  proportion  of  N 
excreted  as  urate,  when  the  N:  water  intake  (and  thus  excretion)  ratios  were  increased 
in  Turkey  Vultures  Cathartes  aura.  Thus,  a  carnivorous  bird  that  regularly  encounters 
high  N  loads,  often  in  the  absence  of  immediately  available  water,  does  have  the  capac- 
ity  to  make  an  adaptive  shift  toward  the  excretion  of  a  higher  proportion  of  relatively 
insoluble  urates  (McNabb  et  ah,  1977  a). 

The  factors  that  influence  production  and  subsequent  excretion  of  urate,  ammonia 
and  urea  differ  but  are  not  entirely  independent,  since  high  protein  intake  increases  the 
excretion  of  all  three.  In  chickens,  urate  excretion  parallels  protein  intake  (see  studies 
of  N  intake  cited  above)  which  affects  liver  urate  synthesis  (Karawasa  et  ah,  1973  a,  b), 
plasma  urate  concentrations  and  the  supply  of  precursors  that  govern  renal  urate  syn¬ 
thesis  (Evans  et  ah,  1971;  Quebbeman,  1973;  Martindale,  1976).  Although  plasma 
urate  is  filtered  at  the  glomerulus,  tubulär  secretion  usually  predominates  (see  review 
by  Sykes,  1972).  The  urate  transport  mechanism  is  located  at  the  peritubular  side  of  the 
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liver  and  kidney  in  urate  production  changes  with  protein  intake  (Evans  et  al.,  1971), 
so  we  need  to  re-evaluate  older  studies  of  urate  clearance  that  assumed  all  urate  pro¬ 
duction  in  chickens  was  hepatic.  In  pigeons,  urate  production  is  entirely  renal,  so  urate 
excretion  depends  on  the  delivery  of  the  precursor,  hypoxanthine,  to  the  kidney 
(Edson  et  al.,  1936). 

Ammonia  excretion  by  birds  appears  to  be  determined  by  the  same  factors  that  are 
important  in  mammals:  (1)  use  of  ammonia  as  a  buffer  for  titratable  urinary  acidity 
(WoLBACH,  1955;  Tasaki  &  Okumura,  1968),  (2)  the  rate  of  ammonia  production  and 
concentration  in  renal  tubulär  cells  (Makarewicz  &  Zydowo,  1962,  and  studies  of  pro¬ 
tein  intake,  cited  above)  and  (3)  the  rate  of  urine  flow  (ducks:  Stewart  et  ah,  1968; 
pigeons:  McNabb  et  ah,  1972;  chickens:  McNabb  &  McNabb,  1975  a).  Ammonia 
apparently  enters  the  urme  by  both  diffusion  and  active  secretion  in  exchange  for 
sodium  ions. 

Urea,  present  in  chicken  plasma  at  low  concentrations,  is  filtered  and  partially  reab- 
sorbed  (Pitts  &  Korr,  1938)  with  the  amount  of  reabsorption  depending  on  the  state 
of  hydration  (Skadhauge  &  Schmidt-Nielsen,  1967).  Urea  production  from  dietary 
arginine  occurs  in  both  liver  and  kidney  (Smith  &  Lewis,  1963;  Owen  &  Robinson, 
1964).  Urea,  accumulated  in  the  medullary  cones  of  the  chicken  kidney,  contributes 
<0.5  %  of  the  medullary/cortical  difference  in  OP  so  does  not  play  any  appreciable 
role  in  urine  concentration  (Skadhauge  &  Schmidt-Nielsen,  1967).  However,  studies 
of  urea  handling  by  the  kidney  of  carnivorous  species  such  as  vultures,  where  urea 
accounts  for  22  %  of  urine  OP,  (McNabb  et  ah,  1977  a)  might  give  a  different  picture. 


Efficiency  of  nitrogen  excretion 

Generalizations  about  the  renal  efficiency  of  N  excretion  in  birds  usually  refer  only 
to  urate.  However,  since  other  compounds  can  comprise  up  to  45  °/o  of  the  urinary  N, 
calculations  of  water  loss  should  use  total  N  concentrations.  Calculations  for  chickens 
typically  give  mean  values  of  75  —  160  ml  water/g  N  excreted.  The  most  efficient  mam- 
malian  kidneys  lose  only  9—13  ml  water/g  N  excreted  (desert  rodents,  Schmidt-Niel¬ 
sen,  1964).  Chickens  studied  by  Gibbs  (1929  b)  lost  as  little  as  13.9—17.2  ml  water/g  N 
(one  hr  collections,  urate  only).  We  have  found  similar  ratios  (16.3  ml  water/g  N)  sus- 
tained  for  1.5  hrs  after  feeding  turkey  vultures  a  meat  diet  without  additional  water 
(McNabb  et  ah,  1977  a).  Thus,  even  without  the  additional  benefit  of  cloacal  water 
reabsorption,  birds  can  excrete  nitrogen  renally  almost  as  efficiently  as  desert  rodents. 


Nitrogenous  compounds  in  the  osmotic  work  of  the  kidney 

Urates  exist  in  dissolved,  colloidal,  and  precipitated  States  in  avian  urine.  Young  & 
Dreyer  (1933)  demonstrated  the  existence  of  colloidal  urates  in  fowl  urine.  This  work 
led  to  the  idea  that  colloids  were  a  key  factor  in  the  elimination  of  urate  (Sykes,  1971). 
Urate  concentrations  (dissolved  +  colloidal)  do  exceed  theoretical  limits  and  the  distri- 
bution  of  renal  mucoids  in  areas  of  high  urate  concentration  suggests  they  may  be 
exerting  a  “protective“  effect  on  urate  colloids  (see  review,  McNabb  &  McNabb, 
1975  b).  The  maintenance  of  urate  in  colloidal  form  may  be  important  in  the  proximal 
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lenal  cells  (Zmuda  &  Quebbeman,  1975)  but  the  secretion  site(s)  are  unknown  and 
could  be  important  in  the  dynamics  of  urate  Handling.  The  relative  importance  of  the 
paits  of  the  nephrons,  but  urate  precipitation  must  begm  in  the  distal  parts  since  abun¬ 
dant  precipitates  often  are  visible  m  small,  cortical  collectmg  ducts.  More  than  90  %  of 
the  uiate  is  precipitated  m  ureteral  urine  at  urate  concentrations  of  1800  mg%  and 
higher  in  both  chickens  (McNabb,  1974)  and  pigeons  (McNabb  &  Poulson,  1970). 
Both  these  species  can  produce  10  x  this  urinary  urate  concentration,  so  colloids  com- 
prise  a  trivial  proportion  of  the  final  urinary  urate  concentration  in  most  urine  samples. 

Few  attempts  have  been  made  to  compare  uricotelism  in  birds  to  ureotelism  in  mam- 
mals  with  respect  to  the  OP’s  that  must  be  generated  by  the  kidney.  Sykes  (1971),  using 
data  on  chickens  with  high  water  turnover,  calculated  only  18  mOsm/1  OP  would  be 
contributed  to  the  urine  if  all  urate  N  excreted  was  present  instead  as  urea.  He  feit  this 
small  osmotic  load  could  be  accommodated  easily  by  the  fowl’s  kidney  (typical  urine 
OP  s  are  100  —  500  mOsm)  and,  that  the  biological  significance  of  uric  acid  excretion 
lies  only  in  its  value  to  the  cleidoic  egg.  We  feel  that  only  data  reflecting  the  ability  of 
the  kidney  to  produce  high  urinary  uric  acid  concentrations  should  be  used  to  evaluate 
the  osmotic  advantages  of  urate  excretion,  when  water  is  limited.  We  used  data  on 
chickens  to  calculate  the  OP  of  Solutions  with  comparable  amounts  of  N  as  urea.  The 
highest  values  from  many  studies  would  either  exceed  or  utilize  essentially  all  of  the 
osmotic  potential  of  the  chicken  kidney.  For  e.g.  we  calculate  potential  OP’s  as  urea  up 
to  478  mOsm  for  24  hr  collection  periods  (O’Dell  et  ah,  1960),  up  to  936  mOsm  for 
8  hr  collections  and  up  to  2571  mOsm  for  one  hr  collections  (Gibbs,  1929  b).  Turkey 
vultures,  in  the  period  after  feeding,  would  have  to  produce  a  urine  of  >  2189  mOsm 
to  excrete  all  N  as  urea;  the  actual  urinary  OP  was  417  mOsm  (McNabb  et  ah,  1977  a). 
These  calculated  values  for  vultures  would  exceed  the  concentratmg  ability  of  even  salt 
marsh  Savannah  Sparrows  Passerculus  sandwichensis  beldingii,  which  have  the  most  effi- 
cient  avian  kidneys  known  (Poulson  &  Bartholomew,  1962  a). 

A  second  important  factor  for  minimizing  renal  osmotic  work  is  the  coprecipitation 
of  cations  with  urate.  This  subject  has  received  little  attention  and  failure  to  appreciate 
the  possibility  of  coprecipitation  has  resulted  in  most  studies  of  avian  electrolyte  excre¬ 
tion  measuring  only  the  cations  in  the  liquid  fraction  of  the  urine  and  generally  under- 
estimating  the  ability  of  the  avian  kidney  to  excrete  cations.  When  both  the  liquid  and 
precipitated  fractions  of  chicken  urine  are  analyzed,  up  to  75  °/o  of  the  Na"^  and  34  % 
of  the  are  coprecipitated  with  urate  (McNabb  et  ah,  1973  a).  Concentrations  of 

Na“^  +  would  have  been  up  to  87  mEq/1  higher  if  these  cations  from  the  precipitate 

had  been  equally  distributed  throughout  the  urine  samples;  a  fairly  significant  effect  in 
the  context  of  chicken  kidneys  that  usually  do  not  produce  urinary  OP  >  500  mOsm. 
In  addition  to  monovalent  cations,  up  to  32  To  of  the  Ca^^  and  24  °/o  of  the  Mg^"^ 
may  be  included  in  the  precipitate  (McNabb  &  McNabb,  1977  b). 

Urinary  precipitates  appear  to  consist  of  layers  of  uric  acid  dihydrate  interspersed 
with  layers  of  soluble  cations  “bound”  by  charge  configurations.  Evidence  for  this  pic- 
ture  comes  from  X-ray  diffraction  studies  (Lonsdale  &  Sutor,  1971),  molar  ratios  of 
cations:  urate  >  1.0,  thermogravimetric  analysis  and  differential  thermal  analysis 
(McNabb  &  McNabb,  1973  a,  1974,  1975  b,  1977  b).  We  have  no  Information  on  the 
mechanisms  leading  to  coprecipitation  of  cations  with  urate. 
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Adaptations  for  the  elimination  of  precipitated  urate 

The  unique  morphology  of  the  avian  kidney,  in  which  medullary  regions  are 
arranged  in  a  tree-like  System  of  medullary  cones  branching  from  the  ureter,  may  play 
a  role  in  urate  elimination.  In  photographs  of  medullary  injection  casts  of  the  kidneys 
the  collecting  ducts  in  medullary  cones  appear  longer  and  straighter  in  primarily  car- 
nivorous  species  than  in  granivorous  species  (Johnson  et  ah,  1972).  This  observation  is 
consistent  with  the  idea  that  the  type  of  medullary  branching,  without  regions  where 
pooling  would  occur,  is  important  in  the  elimination  of  large  amounts  of  precipitated 
urate  from  the  avian  kidney  (Poulson,  1965). 

Mucoidal  macromolecules  are  abundant  in  the  collecting  ducts  and  all  levels  of  ure- 
teral  branches  of  canary,  chicken  and  pigeon  kidneys  (Longley  et  ah,  1963;  McNabb 
et  ah,  1973  b).  Thus,  mucoid  abundance  where  precipitated  urates  are  present,  suggests 
they  function  as  lubricants  and/or  in  “binding”  together  masses  of  precipitated  urates. 

In  the  urine  of  birds  and  reptiles,  urates  precipitate  in  the  form  of  tiny  spheres  rather 
than  as  crystals  seen  in  mammalian  urine.  Minnich  &  Piehl  (1972)  suggested  these 
spheres  act  as  miniature  ball-bearings  and  facilitate  flow  of  the  urinary  Suspension.  In 
Scanning  electron  micrographs  of  freeze  dried  Japanese  quail  kidneys,  spheres 
(0.5  —  8.5  jim  diameter)  are  present  in  ureteral  branches  and  medullary  collecting  ducts, 
and  appear  occasionally  in  cortical  collecting  ducts  (McNabb  &  McNabb,  unpub- 
lished).  Further  improvements  in  tissue  preservation  should  allow  use  of  scanning  elec¬ 
tron  microscopy  for  determination  of  the  “earliest”  site  within  nephrons  where  sphere 
formation  occurs. 

Recently,  we  have  produced  urate  spheres  in  vitro,  similar  to  those  found  in  avian 
urine,  when  abundant  Na"^ions  are  present  in  a  solution  containing  excess  uric  acid. 
The  addition  of  proteins  (to  test  mucoid  influences)  to  these  in  vitro  Systems  facilitates 
Supersaturation  of  the  liquid  phase  (presumably  due  to  colloid  formation)  but  prevents 
sphere  formation  and  results  in  the  exclusion  of  Na'^  by  K'^  from  the  precipitate.  Thus, 
urate  sphere  formation  with  cation  incorporation  may  be  primarily  due  to  the  intrinsic 
properties  of  urates  rather  than  biological  events  (McNabb  &  McNabb,  unpublished). 

In  removal  of  urine  from  the  kidneys,  peristaltic  movements  may  help  “milk”  urine, 
containing  precipitated  urate,  from  ureteral  branches  in  medullary  cones  into,  and 
down,  the  ureters  (Gibbs,  1929  a).  Finally,  although  we  have  emphasized  the  kidney 
adaptations  to  high  urate  excretion,  further  water  reabsorption  in  the  cloaca  or  intes¬ 
tine  must  be  the  final  Step  in  those  species  that  eliminate  urinary  components  as  a  semi¬ 
solid  paste  attached  to  fecal  material. 
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Quantitative  Interaction  of  Kidney  and  Cloaca  in  Bird  Osmoregulation 

Erik  Skadhauge 

Introduction 

It  is  well  known  that  the  droppings  of  birds  consist  of  a  mixture  of  uric  acid,  urates, 
and  faeces.  This  is  due  to  storage  of  ureteral  urine  together  with  faeces  in  the  cloaca. 
The  storage  takes  place  in  the  lowest  parts  of  the  intestine  denoted  corpodeum  and 
colon.  These  parts  have  a  resorptive  epithelium  (Johnson  &  Skadhauge,  1975).  The 
excretion  of  sah  and  water  —  and  Conservation  during  water  or  sah  lack  —  is  there- 
fore  not  solely  determined  by  the  kidney.  The  cloacal  sojourn  may  either  assist  or 
counteract  the  function  of  the  kidney.  The  interaction  of  kidney  and  cloaca  in  deter- 
mining  final  sah  and  water  output  in  various  osmotic  situations  is  thus  a  major  problem 
in  bird  osmoregulation  (Skadhauge,  1973).  As  reptiles,  the  other  uncotelic  group  of 
vertebrates,  birds  are  preadapted  to  water-lack  as  the  majority  of  nitrogen  is  excreted 
as  insoluble  uric  acid  and  urates  requiring  little  water.  In  contrast  to  what  happens  in 
reptiles  the  cloacal  sojourn  poses  problems,  since  birds,  as  mammals,  have  a  diluting- 
concentrating  kidney.  What  happens  m  the  cloaca  to  the  dilute  urine  formed  in  the 
hydrated  state,  and  what  happens  to  the  concentrated  urine  formed  in  the  dehydrated 
state?  And  is  the  excretion  of  NaCl  and  other  ions  changed  during  the  sojourn  in  the 
cloaca? 

This  survey  will  summarize  our  present  knowledge  from  a  quantitative  view-point. 
In  the  first  section  the  composition  and  flow  rate  of  urine  will  be  presented.  In  tbe  sec- 
ond  the  cloacal  transport  parameters  will  be  discussed.  In  the  third  section  the  interac¬ 
tion  of  kidney  and  cloaca  will  be  quantitatively  assessed. 

The  majority  of  physiological  studies  have  been  carried  out  on  the  domestic  fowl, 
but  comparisons  with  other  birds  have  shown  that  it  is  a  good  denominator  for  graniv- 
orous,  terrestrial  birds.  The  special  problems  for  birds  with  salt-glands  will  be  men- 
tioned,  and  the  excretory  problems  of  birds  which  have  a  high  sah  intake,  but  no  salt 
gland,  will  be  discussed. 

Flow-rate  and  composition  of  urine 

Collection  of  “pure”  ureteral  urine  requires  some  Operation  or  cannulation.  If,  how- 
ever,  the  natural  droppings  are  collected  under  oil  in  a  cooled  tray,  the  liquid  part  of 
the  droppings  or  that  rieh  in  uric  acid  reflects  fairly  precisely  the  composition  of  ure¬ 
teral  urine  (Skadhauge,  1974  a).  This  permits  determination  of  concentrations,  but  not 
of  flow  rates.  Even  during  adequate  collection  of  ureteral  urine  disturbance  diuresis  is  a 
problem  in  dehydrated  or  normally  hydrated  birds  and  disturbance  antidiuresis  a  prob¬ 
lem  in  hydrated  birds.  General  anaestbesia  usually  leads  to  some  loss  of  concentrating 
ability.  Permanent  Separation  of  ureters  and  cloaca  leads  to  infection,  salt-depletion, 
polydipsia,  and  inevitably  poor  growth  rate  (Skadhauge,  1973).  For  these  reasons  con¬ 
centrating  ability  has  been  measured  for  several  birds,  but  correlation  of  flow-rate  and 
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Table  1 :  Osmolahty  and  electrolyte  concentrations  of  ureteral  urine  in  dehydrated  birds. 
(from  Skadhauge,  1977,  and  Skadhauge,  1974  a) 


Osmolality 

Na 

Electrolyte  concentrations 
^  CT  K  + 

mOsm 

mequiv/l 

Chicken 

Gallus  gallus 

Galah 

582 

41 

36 

73 

Cacatua  roseicapilla 

Red  Wattle  bird 

982 

24 

19 

125 

Anthochaera  carunculata 

917 

25 

71 

201 

Zebra  Finch 

Taeniopygia  castanotis 

1005 

8 

40 

135 

Emu 

Dromaius  novaehollandiae 
Kookaburra 

459 

944 

6 

5 

120 

Dacelo  gigas 

28 

10 

93 

composition  of  ureteral  urine  (osmolality  and  ionic  concentrations)  is  only  available  for 
a  few  species.  Table  1  lists  maximal  urine  osmolality  and  concentrations  of  “strong” 
electrolytes  from  selected  species.  In  Table  2  flow-rate  and  urine  osmolality  are  pre- 

sented  for  the  hydrated  and  dehydrated  domestic  fowl,  together  with  osmolality  of  the 
cloacal  Contents. 

Inspection  of  Table  1  permits  three  conclusions:  First,  renal  concentrating  ability  is 
limited  m  birds,  generally  with  maximal  osmotic  urine  to  plasma  ratios  of  2  —  3.  Only  in 
a  few  sah  marsh  sparrows  have  higher  values  been  found.  Second,  NaCl  constitute  a 
small  fraction  of  total  osmolality  in  seed-eaters.  Third,  there  is  little  correlation 
between  renal  concentrating  ability  and  degree  of  xerophilia  (Skadhauge,  1974  a). 
This  finding  is  in  contrast  to  the  condition  in  mammals;  it  testifies  to  the  importance  of 
the  interaction  of  kidney  and  cloaca  to  modify  total  excretion. 

Table  2  shows  first  the  great  variabihty  in  the  flow-rate  and  concentration  of  ure¬ 
teral  urine.  Second,  the  composition  of  the  contents  of  coprodeum  and  colon  are 
greatly  influenced  by  that  of  ureteral  urine.  The  change  m  flow-rate  from  hydration  to 
dehydration  is  largely  due  to  an  increased  renal  resorption  of  water.  The  rate  of  solute 


Table  2:  Flow  rate  and  osmolality  of  ureteral  urine,  and  osmolality  of  cloacal  contents  in  the 

domestic  fowl. 

(from  Skadhauge,  1973) 


Flow  rate 

ml/kg  •  hr 

Urine 

Osmolality 

Coprodeum 

mOsm 

Colon 

Dehydration 

1.08 

538 

489 

376 

Hydration 

17.9 

115 

143 

192 
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excretion  is  only  moderately  reduced  in  response  to  dehydraiion,  largely  due  to  a  fall- 
ing  glomerular  filtration  rate. 

The  low  concentration  of  NaCl  in  solution  has  prompted  studies  of  the  coniribution 
of  other  ions  to  total  urine  osmolality.  In  the  domestic  fowl  as  well  as  in  a  xerophilic 
Australian  parrot,  the  Galah,  and  in  a  large  flightless  bird,  the  Emu,  does  potassium- 
ammonium-phosphate  constitute  the  majonty  of  the  osmolality.  In  dehydrated  domes¬ 
tic  fowl  receiving  a  wheat  and  barley  diet  the  average  concentrations  were  :120, 

PO7“;130,  and  K’^:73  mequiv/1  (Skadhauge,  1977  a). 

Cloacal  transport  parameters 

The  presence  in  the  gut  of  anisotomc  fluids  of  varying  lonic  composition  necessitates 
the  study  of  dependence  of  water  and  ion  transfer  upon  osmolality  and  concentration 
of  ions,  first  Na^  and  CT,  but  also  K^,  NH4^  and  POp  .  Two  types  of  experiments 
have  been  used:  Intraluminal  in  vivo  perfusions,  and  in  vitro  mounting  of  the  epithel- 
ium  in  the  Ussing-chamber.  The  formet  elucidates  water  movements  and  net  transport 
rates  and  dependence  upon  osmotic  condition  and  NaCl  balance  of  the  animal.  The 
lauer  is  most  suitable  for  determination  of  the  ionic  movements,  particularly  unidirec- 
tional  isotope  fluxes.  The  findings  have  been  summarized  for  the  domestic  fowl  (Skad¬ 
hauge,  1973)  and  for  other  granivorous  birds  (Skadhauge,  1978  a).  In  the  domestic 
fowl  a  fairly  large  number  of  relevant  transport  parameters  have  been  measured.  This 
includes  osmotic  water  permeability  coefficient  in  the  two  directions,  magnitude  of 
solute-linked  water  flow,  i.e.  water  absorbed  in  the  absence  of  an  osmotic  difference 
from  lumen  to  plasma,  generally  driven  by  Na(Cl)  transport;  the  T  (concentration  at 
half  maximal  flow  rate)  and  (maximal  flow  rate)  values  for  sodium  transport  which 
is  correlated  to  the  luminal  sodium  concentration  by  Saturation  kinetics,  and  net  trans¬ 
port  rates  for  K^,  CT,  NH4^,  and  PO^““.  The  absorption  of  CT  and  NH4^,  and 
secretion  of  is  largely  determined  by  the  net  sodium  absorption  rate  (Skadhauge, 
1978  b).  The  most  important  transport  parameters  are  stated  in  Table  3  for  fowl  and 
Calah.  Most  perfusions  have  been  carried  out  with  fluids  of  plasma-like  ionic  composi¬ 
tion,  or  Solutions  resembling  the  composition  of  ureteral  urine  in  the  dehydrated  state. 
The  reason  for  this  is  that  dehydration  presents  the  biggest  problem  for  resorption  of 
ureteral  urine  in  the  cloaca. 

The  main  result  of  the  in  vitro  experiments  is  that  in  bird  coprodeum  and  colon,  as  in 
several  other  epithelia,  the  primarily  transported  substance  is  the  sodium  ion  (Chosh- 
NiAK  et  ah,  1977;  Skadhauge,  1978  b,  c).  Furthermore,  it  is  an  electrogenic  transport 


Table  3:  Cloacal  transport  rates  for  sah  and  water  in  the  domestic  fowl  and  the  Galah. 
(from  Skadhauge,  1973,  and  Skadhauge,  1974  b) 


Transport  rates 

Na+  CT  K  + 

Osmotic 

permeability 

Solute-linked  water  flow 

pequiv/kg  •  hr 

gl  H20/kg  •  hr  •  mOsm 

g  2  H20/gequiv  Na"*" 

Fowl 

+  175  +42  -97 

3.2 

+  1.1 

Galah 

+  88  +82  -  6 

0.85 

+  5.0 

Isosmotic  perfusion  Solutions  of  NaCl  with  40  mequiv/1  were  used.  Absorption  is  denoted  +,  secretion  — . 


Skadhauge:  Kidney  and  Cloaca 


271 


with  sodium  transport  pnmarily  being  responsible  for  the  generation  of  a  lumen  nega¬ 
tive  electric  potential  difference  (PD).  When  in  the  in  vitro  Ussing-chamber  identical 
bathing  Solutions  are  present  on  the  two  sides,  and  the  PD  nullified  by  a  so-called 
external  short-ciicuit  cuiient  no  driving  force  exists  for  ion  movements  across  the  tis- 
sue.  In  this  Situation  the  flux-ratio  for  chloride  is  unity  demonstrating  the  passing 
nature  of  the  transfer  of  this  lon.  The  fairly  large  transport  seen  in  vivo  (Table  3)  can 
e  accounted  for  by  the  electrical  driving  force  (the  PD).  Measurement  of  the  unila¬ 
teral  sodium  fluxes  show  that  sodium  transport  accounts  largely  for  the  short-circuit 
current  as  observed  in  several  other  epithelia. 

Some  observations  have  been  carried  out  on  other  birds,  particularly  the  Galah.  The 
main  finding  is  that  weight  for  weight  (as  the  same  functional  Segment  has  been  per- 
used)  a  very  dose  agreement  between  the  ion  transport  parameters  in  the  fowl  and  in 
Galah  have  been  found  both  in  vivo  and  in  vitro.  Some  rather  subtle  differences  in 
transport  patterns  do,  however,  fit  with  the  teleological  assumption  of  the  Galah  being 
better  adapted  to  life  with  lack  of  salt  and  water.  From  Table  4  it  will  appear  that  the 


Table  4:  Transport  parameters  measured  for  coprodeum  in  vitro  in  the  domestic  fowl  and  the 

Galah. 

(from  Choshniak  et  ah,  1977,  and  Skadhauge,  1978  b) 


Electric 

Unidirectional  ion  flux. 

potential 

Resistance 

serosa-mucosa 

difference 

Na+  C\- 

mV 

Ohm  •  cm^ 

pequiv/cm^  •  hr 

Fowl 

37 

132 

1.4  2  2 

Galah 

19 

91 

2.3  3.7 

Galah^has  a  more  permeable  epithelium;  Lower  resistance,  higher  unidirectional  fluxes 
of  Na+  and  Gl  m  the  serosa  to  mucosa  direction.  This  is  associated  — as  to  be  expected 
from  studies  of  other  epithelia  — with  a  low  sodium  concentration  of  solute-linked 
water  flow  (Table  3).  This  means  that  more  water  will  be  absorbed  per  sodium  ion. 
Smce  in  the  Galah  the  osmotic  permeability  coefficient  is  lower  (Table  3)  better  condi- 

tions  exist  m  this  species  for  water  absorption  from  the  hyperosmotic  ureteral  urine 
(Table  1). 

Fmally,  smce  the  Galah  coprodeum  gets  a  more  concentrated  urine  with  a  higher 
concentration  it  is  relevant  that  high  in  this  bird  does  not  suppress  net  Na^  absorp¬ 
tion  as  much  as  in  the  fowl. 

Reaction  to  osmotic  stress  has  been  elucidated  both  in  the  fowl  and  in  the  Galah. 
The  sensitivity  of  the  cloacal  transport  parameters  to  hydration/dehydration  was  not 
marked  (Skadhauge,  1973).  In  the  fowl  hydration  mduced  a  smaller  osmotic  permea- 
bihty  coefficient,  but  only  in  the  mucosa  to  serosa  direction,  and  a  fall  in  apparent  K, 
for  sodium  transport.  Salt  loading/ depletion  did  in  contrast  to  this  induce  most  signifi- 
cant  changes  in  sodium  transport  (Table  5).  In  both  fowl  and  Galah  did  a  high  NaCl- 
diet  decrease  the  sodium  transport  of  the  coprodeum  as  compared  to  a  low  sodium 
diet.  The  difference  was  pronounced  in  vivo  (Thomvvs,  Skadhauge  &  Read,  1975),  in 
vitro,  however,  the  effect  was  dramatic.  Net  sodium  transport  and  short-circuit  current 
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Table  5:  Net  sodium  Iransport  (short-circuit  current)  across  coprodeum  and  colon  in  the 

tic  fowl  and  the  Galah. 

(from:  Choshniak  et  al.,  1977,  and  Skadhauge,  1978  b) 


domes- 


Coprodeum  Colon 

Diet:  Low  salt  High  sah  Low  salt  High  salt 


Fowl 

Galah 


284 

210 


7 

2 


275 

81 


227 

123 


(unit:  ixAmp/cm'^) 


were  almost  suppressed  to  zero.  In  contrast  to  this  little  change  was  seen  in  the  colon 
(Table  5).  In  the  Galah  the  sodium  transport  of  colon  was  even  augmented  durmg 
sodium  loadmg.  The  fmdmgs  both  of  fowl  and  of  Galah  must,  however,  be  mterpreted 
with  some  caution.  In  contrast  to  coprodeum  the  colon  durmg  sodium-loading,  but  not 
during  sodium-depletion,  requires  presence  of  ammo  acids.  The  fmdings  m  the  Galah 
may  be  due  to  less  viability  of  the  preparation  in  the  sodium-depleted  birds.  Taken 
together  these  findings  do  agree  with  the  50  %  reduction  in  sodium  transport  observed 
in  VIVO  for  both  Segments  perfused  together.  It  is  outside  the  scope  of  this  piesentation 
to  discuss  the  mechanisms  of  these  changes.  Suffice  to  say  that  aldosterone  is  partly 
responsible  as  it  restores  one  quarter  of  the  sodium  transport  in  coprodeum  and  three 
quarters  in  colon.  The  different  sodium  sensitivity  of  colon  and  coprodeum  makes  it 
reasonable  to  suggest  that  colon  always  resorbs  an  important  fraction  of  salt  and  water 
from  chymus,  whereas  coprodeum  reguläres  very  precisely  the  final  NaGl  absorption 
from  both  faeces  and  urine  (Skadhauge,  1978  b). 

Interactlon  of  kidney  and  cloaca 

When  knowledge  of  renal  excretory  rates  and  cloacal  resorptive  capacity  is  at  hand, 
the  interaction  of  kidney  and  cloaca  in  osmoregulation  can  be  quantitatively  assessed. 
A  rational  way  of  comparing  the  salt  and  water  relations  of  the  two  Organs  is  to  esti- 
mate  the  maximal  quantitative  modification  cloacal  sojourn  can  impose  upon  water  and 
ion  excretion  from  the  kidney  (Skadhauge,  1977  b).  A  summary  of  these  fmdmgs  is 
given  in  Table  6  for  the  domestic  fowl.  It  will  be  seen  that  the  large  flow-rate  of  urine 
in  the  water  and  salt-loaded  States  respectively  makes  water  resorption  and  salt  Conser¬ 
vation  in  the  cloaca  insignificant  when  the  organism  w^ants  to  rid  itself  of  these  sub- 
stances.  During  dehydration,  however,  an  important  amount  of  Na(Gl)  is  resorbed. 
Water  is  not  lost,  as  to  be  expected  from  the  osmolality  of  ureteral  urine,  but  on  the 


Table  6:  Fractional  absorption  of  water  and  electrolytes  in  the  cloaca  from  ureteral  urine  in  the 

domestic  fowl. 

(from  Skadhauge,  1977  b,  and  Skadhauge,  1978  a) 


Dehydration 

f  H2O 

+  14% 

Na  + 

+  90  % 

1  Na  + 

+  69  % 

Normal  hydration 

Gl- 

+  80  % 

Hydration 

Salt  loading 

H2O 

Na  + 

+  2  % 

+  2  % 

low  salt  diet 

K- 

NH^-" 

—  20  % 
+  10  % 

Absorption  is  denoted  +,  secretion 


Skadhauge:  Kidney  and  Cloaca 
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contrary,  a  small  amount  is  saved.  There  is  a  significant  cloacal  secretion,  whereas 
only  9  /o  of  NH4  is  resorbed,  and  PO4  comes  dose  to  undergoing  no  net  absorp- 
tion  (Skadhauge,  1978  c).  Since  a  combined  lack  of  salt  and  water  is  common  for 
seed-eating  birds  this  kidney-cloaca  interaction  is  teleologically  reasonable.  Further- 
more,  were  the  renal  NaCl  Conservation  more  complete,  uric  acid  and  urates  might 
perhaps  clogg  the  ureteral  tree  as  salts  Help  these  substances  stay  in  colloid  Suspension. 

Xerophihc  seed-eaters  such  as  the  Budgerygah  (Skadhauge,  1973)  and  the  Galah 
(Skadhauge,  1974  b)  seem  largely  to  behave  as  the  domestic  fowl.  This  pattem  of  kid¬ 
ney-cloaca  interaction  with  its  precisely  matched  balance  between  the  two  Organs  may 
be  the  most  widespread  among  birds.  Although  studied  in  much  less  detail  two  other 
patterns  may  exist:  In  the  first  of  these  the  kidney  plays  a  smaller  role  in  water  Conser¬ 
vation,  the  cloaca  a  larger,  and  in  the  second  excretion  of  salt  and  water  is  primarily 
determmed  by  the  kidney  with  the  cloaca  acting  like  a  mammalian  bladder.  Finally,  a 

third  pattem  may  exist  in  birds  with  salt-glands.  These  problems  will  be  considered  in 
the  last  section. 


Special  problems 

An  unexpected  low  renal  concentrating  ability  in  the  Emu  (Table  1)  led  to  the  idea 
that  this  bird  as  a  member  of  the  ratite  group  might  have  a  more  “reptilian”  (Skad¬ 
hauge,  1978  d)  kidney-cloaca  interaction  than  other  birds.  Cloacal  studies,  in  progress, 
seem  to  confirm  this  concept:  NaCl  absorption  capacity  is  large,  and  the  sodium  con- 
centration  of  the  solute-linked  water  flow  is  dose  to  isotonicity.  The  cloaca  is  thus 
geared  to  absorb  the  urme  which  is  produced  by  the  kidney  and  to  lose  little  water.  The 
second  pattem  is  that  of  birds  which  may  drink  sahne  Solutions  and  have  no  salt  gland 
such  as  the  Zebra  Finch  (Skadhauge  &  Bradshaw,  1974).  Since  the  sodium  absorption 
of  the  coprodeum  is  presumed  to  be  suppressed  and  the  renal  concentration  ability  is 
high,  these  birds  may  use  the  coprodeum  just  as  a  bladder.  The  cloaca  of  these  birds 
should  be  studied. 

Finally,  the  problem  comes  of  birds  with  salt  glands:  When  marine  birds  cope  with  a 
high  salinity  diet  of  invertebrates  they  secrete  through  the  salt  gland,  as  determined  in 
the  duck,  90  %  of  the  salt  in  a  solution  of  approximately  1200  mOs  (Holmes,  1975). 
This  is  about  the  double  of  the  renal  concentrating  ability  of  most  birds.  It  is  possible 
that  the  kidney/ cloaca  System  may  interact  with  the  salt  gland  to  save  water:  If  salt  is 
cycled  from  kidney  to  cloaca  and  absorbed  here  with  water,  and  salt  excreted  through 
salt  gland,  “free  water”  is  saved.  Some  marine  birds  augment  the  upper  intestinal 
absorption  when  exposed  to  a  high  oral  salt  load.  An  augmentation  of  the  cloacal 
sodium  absorption  during  salt  loading  would  help  the  aforementioned  hypothesis.  Pre- 
hmmary  investigations  in  the  duck,  both  the  domestic  duck  and  the  wild  Mallard  indi- 
cate,  however,  that  the  sodium  absorption  of  the  coprodeum,  as  judged  by  the  short- 
circuit  current,  is  just  as  decreased  by  salt-loading  as  found  in  the  fowl  (Table  5).  A 
high  sodium  transport  of  the  colon  will,  however,  save  the  hypothesis  . 
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Hormonal  Control  of  Water  and  Electrolyte  Transport  by  the  Avian  Intestine 

David  H.  Thomas 

In  Order  to  demonstrate  physiological  control  of  intestinal  transport,  it  is  necessary 
to  show  that  function  alters  appropriately  in  response  to  maintenance  conditions  or 
metabolic  requirements,  and  that  adaptive  responses  can  be  reproduced  by  specific  Con¬ 
trolling  agents.  Several  studies  show  that  the  avian  intestine  is  susceptible  to  environ¬ 
mental,  humoral  and  pathological  influences.  Most  studies  have  used  domestic  fowls 
(Gallus  gallus)’,  results  reported  here  refer  to  this  species  unless  another  is  mentioned. 


Sodium  transport 

Actual  in  vivo  intestinal  transport  rates  in  the  presence  of  normal  intestinal  fill  can  be 
measured  using  an  inert  marker  technique.  Calculations  from  data  of  Hurwitz  et  al. 
(1970)  give  this  Information  for  Na^  transport.  There  is  a  very  large  (pre-)duodenal 
Na  secretion  (=  net  serosal-mucosal  flux)  which  is  almost  entirely  absorbed  again  in 
the  rest  of  the  small  intestine.  This  Na"*"  secretion-reabsorption  is  approximately  equiv- 
alent  to  the  turnover  of  the  birds’  total  body  Na”^  pool  once  per  day.  Despite  the  rapid 
Na  turnover  anteriorly,  it  is  regulation  of  the  comparatively  low  Na'^  absorption  rates 
in  the  fowl  coprodeum  and  colon  (CC  segment)  which  determines  overall  Na'*'  balance. 
Sodium  absorption  in  the  CC  segment  is  a  primary  active  process,  the  rate  of  which 
depends  both  on  the  luminal  Na”^  concentration  and  on  the  epithelial  transporting 
capacity  (Bindslev  &  Skadhauge,  1971  b;  Thomas  &  Skadhauge,  1978  a;  Thomas  et 
ah,  1975).  In  the  CC  segment  active  Na^  absorption  largely  determines  the  rates  of 
associated  Na'^-linked  transport  processes  secretion,  and  NH^^,  CD  and  non- 
osmotic  water  absorption:  Thomas  &  Skadhauge,  1978  a,  b). 

Na  -depletion  and  aldosterone  effects 

The  fowl  CC  segment  responds  adaptively  to  dietary  Na'^  restriction  (Choshniak  et 
ah,  1977;  Thomas  &  Skadhauge,  1978  a;  Thomas  et  ah,  1975).  In  birds  maintained  on 
commercial  poultry  food  (117  m  mol  Na^/kg  food)  potential  Na^  absorption  rates  (as 
determined  by  in  vivo  luminal  perfusion  or  in  vitro  techniques)  were  low,  and  relations 
between  absorption  rates  and  luminal  concentrations  suggested  a  diffusive  rate-limiting 
Step.  Maintenance  on  a  low  Na"^  diet  (wheat  and  barley:  2.6  m  mol  Na'^/kg  food) 
resulted  in  substantially  increased  Na”^  reabsorptive  capacity  and  establishment  of  a  sat- 
urable  (probably  carrier-mediated)  rate-limiting  transport  Step.  This  increased  Na^ 
absorptive  capacity  would  be  somewhat  offset  by  diminished  Na"^  concentrations  in  the 
CC  segment  lumen  (because  of  diminished  ureteral  urine  concentrations  from  about 
141  to  41  m  mol  Na^/1:  Skadhauge,  1977),  but  it  is  likely  that  the  balance  of  these  two 
effects  would  still  result  in  increased  actual  in  vivo  absorption  of  Na"^  by  the  CC  seg¬ 
ment  from  about  29  to  38  p,  mol  Na'^/kg  body  weight.  (Thomas  &  Skadhauge, 
1978  a). 

Department  of  Zoology,  University  College,  University  of  Wales,  Cardiff  CFl  IXL,  Great  Britain 
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Aldosterone  may  be  the  natural  mediator  of  these  responses  to  low  Na^  diets, 
because  a  wheat  and  barley  diet  significantly  enhanced  circulating  aldosterone  concen- 
trations  (9.55  ±  0.64  (SEM)  pg/100  |il  plasma,  compared  to  5.78  ±  1.34  pg/100  pl  in 
birds  on  a  commercial  diet;  n  =  4  for  each  sample,  t  (6)  =  2.54  for  the  difference,  and 
P  <  0.05:  Assenmacher,  Skadhauge  &  Thomas,  in  preparation),  and  because  aldoste¬ 
rone  injections  mimicked  some  of  the  Na"^-depletion  effects  in  birds  maintained  on 
commercial  poultry  food.  Sodium  absorption  rates  increased  4-5-fold  by  5  h  after  acute 
intravenous  aldosterone  injections  (120  pg/kg  body  weight;  Thomas  et  ab,  1975, 
1978).  Chronic  aldosterone  injections  (2  d  x  60  pg/kg  •  day)  had  a  similar  effect,  and 
also  established  the  saturable  rate-limiting  Step  for  Na"^  transport  which  is  characteris- 
tic  of  Na"^-depleted  birds  (Thomas  &  Skadhauge,  1978  c). 

Na"^  loa  ding  and  corticosterone  effects 

Sodium  loading  (15.4  m  mol  NaCl/kg  body  weight. day  orally)  of  fowls  consummg 
3.4  m  mol  Na'^/kg.day  in  a  normal  commercial  food  did  not  engender  any  marked 
change  in  coprodeal-colonic  function  in  vivo  (Thomas  &  Skadhauge,  1978  a)  or  in 
coprodeal  function  in  vitro  (Choshniak  et  ab,  1977).  A  much  larger  load  (45  m  mol 
NaCl/kg.day  orally,  plus  10  m  mol/kg  intravenously  before  experiment)  reduced  CC 
Segment  NaCl  absorption  by  50 — 100  %,  and  secretion  by  more  than  50  %  (Skad¬ 
hauge,  1967).  Control  of  this  effect  is  uninvestigated. 

Domestic  ducklings  responded  to  maintenance  on  60  %  seawater  by  (among  other 
things)  a  60  —  80  %  increase  in  jejunal  and  ileal  Na"^-linked  water  absorptive  capacity 
(measured  as  mucosal  transfer  from  isosmotic  media  by  everted  sacs;  Crocker  & 
bioLMES,  1971).  In  vivo,  this  response  presumably  results  in  a  net  gain  of  free  water 
when  allied  to  sah  gland  NaCl  excretion,  just  as  it  does  in  marine  teleosts.  Corticoste¬ 
rone  seems  to  mediate  the  response,  because  0.5  mg  (injected  intramuscularly  in  vivo) 
mimicked  the  effects  of  60  %  seawater,  while  metyrapone  (which  blocks  corticoste¬ 
rone  and  aldosterone  synthesis)  also  blocked  the  response  to  hyperosmotic  mainte¬ 
nance  conditions  (Crocker  &  Holmes,  1976).  Spironolactone  also  prevented  the  intes¬ 
tinal  response  to  60  %  seawater,  which  was  interpreted  as  indicating  aldosterone  medi- 
ation  (Crocker  &  Holmes,  1971),  but  Spironolactone  can  also  block  the  intestinal 
effects  of  corticosterone  (Crocker  &  Holmes,  1976),  In  ducks,  therefore,  corticoste¬ 
rone  can  be  seen  to  produce  a  coordinated  response  to  a  hyperosmotic  environment, 
enhancing  and  maintaining  both  solute-linked  water  absorption  by  the  intestine  and 
NaCl  excretion  by  the  sah  glands  (Thomas  &  Phillips,  1975). 

Small  amounts  of  crude  oil  (such  as  seabirds  are  liable  to  ingest)  inhibit  solute-linked 
intestinal  water  absorption  in  ducks  (Crocker  et  ab,  1975)  and  intestinal  transport  and 
food  intake  in  gulls  and  auks  (Peakall  et  ab,  1978).  Thus,  oil-polluted  seabirds  may 
suffer  from  severe  (perhaps  fatal)  osmoregulatory  distress,  and  it  may  be  of  practical 
value  in  rehabilitation  of  oiled  birds  that  corticosterone  will  counteract  the  effects  of  oil 
on  intestinal  transport  (Crocker  &  Holmes,  1976). 

Calcium  transport  and  its  control 

Small  intestinal  calcium  absorption  represents  a  variable  fraction  (<  1)  of  Ca^"^ 
Ingestion,  with  the  duodenum  and  upper  jejunum  accounting  for  absorption  of 
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87-124  o/o  of  nei  small  intestinal  absorption  (Hurwitz  et  ab,  1973).  Absorption  in  the 
duodenurn^and  jejunum  is  probably  largely  passive,  and  luminal  Ca^^  activity  (depend- 
ent  on  Ca  Ingestion  and  dissolution  in  the  crop,  proventriculus  and  gizzard:  Mongin, 
1976  a,  b)  IS  the  main  determinant  of  the  Ca^+  electrochemical  gradient  (Hurwitz  & 
Bar,  1969).  The  passive  permeability  of  the  small  intestine  to  Ca^+  (calculated  from 
Hurwitz  &  Bar  s  1969  data)  is  greatest  in  the  duodenum  and  diminishes  posteriorly  to 
a  low  value  in  the  ileum.  In  laying  fowls,  Hurwitz  et  al.  (1973)  showed  an  increased 
upper  jejunal  Ca  permeability  (favouring  increased  Ca^"^  absorption)  during  eggshell 
formation,  but  P.  Mongin  (pers.  comm.)  could  find  no  such  change.  Ileal  Ca^"^  transfer 
in  either  direction  may  be  against  the  prevailing  electrochemical  gradient,  involving 
secretion  m  high  Ca  -diet  birds  and  absorption  m  Ca^^-depleted  birds  (Hurwitz  & 
Bar,  1969).  Thus  ileal  Ca^+  transfer  appears  essentially  homeostatic  (and  it  may  be  a 
Site  for  fine  control  of  Ca^^  balance),  in  contrast  to  transfer  by  the  anterior  small  intes- 

tine,  where  absorption  (only)  occurs  at  rates  directly  proportional  to  dietary  Ca^^ 
availability. 

Intestinal  Ca^+  absorption  is  enhanced  by  dietary  Ca'-'-depletion  and  during  the  lay¬ 
ing  cycle  at  the  shell  formation  stage,  but  the  two  responses  may  be  differently  medi- 
ated  and  will  therefore  be  discussed  separately.  Responses  to  dietary  Ca^  +  -depletion 
are  apparently  mediated  similarly  in  mammals  and  galliform  birds.  The  main  hormonal 
antagonist  is  1,25-dihydroxy-cholecalciferol  (1,25-DHCC).  In  mammals,  1,25-DHCC 
IS  synthesised  from  an  inactive  precursor  (cholecalciferol,  vitamin  D2)  by  hepatic  25- 
hydroxylation  and  then  renal  l-hydroxylation,  and  it  acts  directly  on  intestinal  epithel¬ 
ial  cells  to  increase  Ca'+  transporting  capacity  (Avioli,  1972).  There  is  sufficient  evi- 
dence  for  critical  Steps  in  this  chain  of  events  to  suggest  that  a  similar  System  operates 
m  birds.  Edelstein  et  al.  (1975)  demonstrated  diet-sensitive  double  hydroxylation  of 
vitamin  D.  Chicks  injected  with  radioactively  labelled  cholecalciferol  had  labelled 
1,25-DHCC  appear  in  intestinal  mucosal  cell  nuclei,  and  cellular  concentrations  of 

^-specific  binding  protein  (CaBP)  increased  in  response  to  dietary 
Ca^^  (or  phosphorus)  depletion.  In  agreement  with  this,  chicks  responded  to  dietary 
Ca^^-depletion  by  hypocalcaemia,  by  increased  activity  of  renal  25-HCC-l-hydroxy- 
lase  and  by  increased  duodenal  Ca^“^  uptake  capacity  (Friedlander  et  al.,  1977;  Swam¬ 
inathan  et  ah,  1977).  In  birds,  parathyroid  hormone  (PTH)  and  calcitonin  (CT)  coun- 
teract  hypo-  and  hypercalcaemia  respectively  (Assenmacher,  1973),  but  apparently  do 
not  have  direct  effects  on  Ca  uptake  and  transfer  by  chick  embryo  duodenal  prepara- 
tions  (CORRADINO,  1976).  (In  mammals,  PTH  and  CT  probably  affect  intestinal  Ca^^ 
uptake  only  indirectly,  via  effects  on  renal  vitamin  D  hydroxylation  pathways: 
Habener  &  Niall,  1974.) 

Despite  the  general  correlation  between  Intestinal  CaBP  concentrations  and  Ca^"^ 
transporting  capacity  (Swaminathan  et  ah,  1977),  CaBP  is  evidently  not  directly  con- 
cerned  with  Ca^^  translocation,  because  Ca^^  transport  rates  increased  and  peaked 
some  hours  in  advance  of  increasing  and  maximum  cellular  CaBP  concentrations  in 
rhachitic  chicks  injected  with  1,25-DHCC  (Spencer  et  ah,  1976;  Morrissey  et  al 
1978). 

Actual  in  vivo  Ca^^  absorption  rates  in  Quails  (C.  coturnix  japonica)  and  fowls 
increase  during  eggshell  formation.  This  response  may  be  independent  of  1,25-DHCC 
Stimulation,  because  it  was  not  associated  with  changes  in  renal  25-HCC- 1-hydroxy- 
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läse  activity  or  intestinal  CaBP  concentrations,  and  occurred  in  addition  to  Stimulation 
by  1-a-HCC  (Bar  et  ab,  1976;  Montecuccoli  et  ab,  1977).  Increased  intestinal  Ca-'*' 
absorption  at  eggshell  formation  may  be  due  to  a  combination  of  increased  Ca^"^  perme- 
ability  (see  above)  and  augmcmtcd  di  i\  ing  h'ii'ccs  for  passive  transfer,  because  volun- 
tary  Ca“"^  intake  (Mongix  &  Sauveur,  1974)  and  gastrin  secretion  (P.  Mongin,  pers. 
comm.)  both  increase  and  presumably  contribute  to  the  raised  Ca^”*^  concentrations 
observed  in  the  small  intestine  at  this  time  (Mongin,  1976  a).  In  addition,  oestrogens 
mobilise  bone  Ca^’*’  during  eggshell  formation  (Assenmacher,  1973)  and  might  con- 
ceivably  promote  intestinal  Ca^^  uptake  at  the  same  time,  but  this  seems  not  to  have 
been  investigated. 


Dehydration  effects  on  water  transport 

In  the  fowl  small  intestme,  Mongin  (1976  a)  measured  mean  maximum  luminal 
osmolalities  of  625  —  750  m  osmolal  (upper  jejunum)  and  a  steady  decrease  posteriorly 
to  410  —  490  m  osmolal  (lower  ileum).  Even  allowing  for  the  leakiness  of  the  small 
intestine  (reflexion  coefficient  (a)  0.49  in  the  dodenum,  0.75  in  the  lower  jejunum; 
Mongin  &  de  Laage,  1977;  P.  Mongin,  pers.  comm.)  driving  forces  nonetheless 
favour  serosal-mucosal  osmotic  flow.  In  the  coprodeum  and  colon  (a  =  1.0:  Bindslev 
&  Skadhauge,  1971  a;  Thomas  &  Shadhauge,  1978  b)  luminal  fluid  is  hypertonic  dur¬ 
ing  dehydration  and  hypotonic  in  hydrated  birds  (Skadhauge,  1968).  In  addition  to 
osmotic  flow,  there  is  evidence  of  Na’^-linked  water  absorption  in  the  small  intestine  of 
fowls  (Mongin,  1976  a),  ducks  (Crocker  &  Holmes,  1971)  and  three  North  American 
quails  (Lophortyx  californicus,  L.  gambelii  and  Colinus  virginianus:  McNabb,  1969)  and 
in  the  large  intestme  of  fowls  (Bindslev  &  Skadhauge,  1971  b;  Thomas  &  Skadhauge, 
1978  b)  and  the  Galah  (Cacatua  roseicapilla:  Skadhauge,  1974). 

Dehydration  of  fowls  (mean  weight  loss  7  %)  changed  in  vivo  coprodeal-colonic 
function:  the  luminal  concentration  for  half-maximal  Na“^  absorption  rate  was 
reduced,  while  Na'^-linked  water  absorption  became  more  effective  (1.5  compared  to 
1.1  pl  water  per  p  mol  Na'^:  Bindslev  &  Skadhauge,  1971  b).  Both  effects  would  tend 
to  improve  water  Conservation,  but  it  is  doubtful  whether  the  increased  permeability 
for  mucosal-serosal  osmotic  flow  (also  observed  in  response  to  dehydration:  Bindslev 
&  Skadhauge,  1971  a)  would  have  any  effect  on  water  Conservation  since  the  normal 
osmotic  gradient  in  dehydrated  fowls  favours  serosal  to  mucosal  osmosis  (Skadhauge, 
1968).  Since  the  birds  in  Bindslev  &  Skadhauge’s  (1971  a,  b)  study  were  effectively 
Na'^-depleted  (starved  for  24  h  before  experiment)  as  well  as  dehydrated,  it  is  possible 
that  the  effects  on  Na"^  transport  resulted  from  endogenous  aldosterone  secretion. 
However,  dehydration  is  known  to  inhibit  food  consumption  in  birds  (e.g.  in  Strepto- 
pelia  risoria:  McFarland  &  Wright,  1969),  so  aldosterone  release  may  be  effectively 
part  of  the  normal  response  to  dehydration  anyway. 

Arginine  vasotocin  (the  natural  avian  antidiuretic  neurohypophysial  hormone)  had 
no  effect  on  fowl  coprodeal-colonic  Na"^  and  K"^  transport  at  doses  giving  “very  mod¬ 
erate”  antidiuresis  (Skadhauge,  1967),  but  the  trial  was  very  small  (2  birds).  There  has 
been  no  systematic  study  of  antidiuretic  hormone  effects  on  bird  intestines. 
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Seasonal  and  Geographie  Variation  in  Avian  Standard 

Metabolie  Rate 

Wesley  W.  Weathers 
Introduction 

Early  analyses  of  avian  metabolism  correlated  Standard  metabolic  rate  (SMR)  with  mass 
and  taxonomic  affinity.  Subsequently  other  factors  were  discovered  to  influence  SMR 
including  time  of  day,  and  length  of  time  in  captivity  (Pohl,  1969;  Asch  off  &  Pohl, 
1970,  Pohl,  1977).  Avian  SMR  also  varies  with  season  m  a  mass  dependent  manner,  and 
with  geographical  location  m  a  manner  which  reflects  global  Variation  m  climate.  This  can 
be  illustrated  using  data  from  studies  in  which  SMR  was  determined  on  fasting  birds  at  rest 
m  the  dark,  under  thermoneutral  conditions,  by  open  flow  measurements  of  gas  exchange. 


Mean  body  mass,  g 


Figure  1.  Relation  of  the  ratio  of  Standard 
metabolic  rate  (SMR)  measured  in  winter  and 
Summer  to  body  mass  in  birds  seasonally 
acclimatized  out  of  doors.  Circles  represent 
non-passerines,  dots  passerines.  Coefficient 
of  correlation  for  power  fit  curve  is  0.71  (P  < 
0.01). 


Seasonal  Variation 

Considerable  attention  has  been  given  to  the  effect  of  season  on  avian  metabolism  (for 
review  see  Dawson  &  Carey,  1976).  While  several  different  approaches  to  this  problem 
have  been  employed,  in  15  studies  SMR  was  determined  (on  a  total  of  20  species)  during 
both  winter  and  summer  on  birds  which  were  acclimatized  out  of  doors  to  the  natural 
seasonal  Variation  in  weather  (Riddle  et  ah,  1934;  Wallgren,  1954;  Irving  et  ah,  1955; 
Hart,  1962;  Veghte,  1964;  Gelineo,  1969;  Hissa  &  Palokangas,  1970;  Davydov, 
1971;  Pohl,  1971;  Southwick,  1971;  West,  1972;  Pohl  &  West,  1973;  Rising  & 
Hudson,  1974;  Veghte,  1975;  Dawson  &  Carey,  1976).  In  8  of  the  previously  studied 
species  winter  SMR  exceeded  summer  SMR  by  10%  or  more,  in  4  species  the  converse  was 
true,  while  in  8  species  winter  and  summer  SMR  differed  by  less  than  10%.  Analysis  of  the 
data  did  not  reveal  any  trend  between  seasonal  Variation  in  metabolism  and  latitude  of 
occurrence,  or  migratory  Status  of  the  birds.  However,  when  the  ratio  of  winter  SMR  to 
summer  SMR  (calculated  from  the  above  studies)  is  plotted  against  body  mass,  a  significant 
correlation  is  obtained  (Fig.  1).  The  increase  in  SMR  seen  in  small  birds  in  winter  suggests 
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that  they  are  unable  to  compensate  for  winter  conditions  by  increasing  insulation, 
resorting  instead  to  enhanced  thermogenesis.  Apparently  this  seasonal  reorganization  of 
metabolic  capacity  is  expressed  in  the  thermal  neutral  zone  as  well  as  at  low  temperatures 
(e.  g.,  Dawson  &  Carey,  1976). 


Table  1 :  Comparison  of  observed  (obs.)  and  predicted"''  (pred.)  rates  of  Standard  metabolism  (SMR) 

in  cold  climate  birds 


Species 

Obs. 

SMR  Wkg"' 

Pred.  %  A 

Source 

Acanthis  flammea'f 

28.4 

25.0 

113 

West,  1972 

Acanthis  flammea'f 

23.6 

19.8 

130 

Pohl  &  West,  1973 

Acanthis  flammea 

25.7 

19.4 

132 

Steen,  1958 

Aptenodytes  forsteri 

1.8 

2.0 

90 

Pinshow  et  ab,  1977 

Aptenodytes  forsteri 

1.8 

1.9 

95 

Pinshow  et  ab,  1976 

CorvHS  caurinus 

14.3 

10.0 

143 

Irving  et  ab,  1955 

Eudyptes  chrysolophus 

5.3 

3.0 

175 

ScHOLANDER,  1940 

Lagopus  lagopHS 

5.9 

5.2 

114 

West,  1972 

Lagopus  lagopus 

7.3 

4.3 

169 

West,  1972 

Lagopus  leucurus 

7.3 

4.8 

151 

Johnson,  1968 

Larus  hyperboreus 

9.4 

4.0 

236 

SCHOLANDER  et  ab,  1950 

Plectrophenax  nivalis 

18.1 

17.9 

101 

SCHOLANDER  et  ab,  1950 

Pygoscelis  adeliae 

3.1 

3.1 

101 

Pinshow  et  ab,  1977 

Pygoscelis  papua 

5.7 

2.8 

205 

ScHOLANDER,  1940 

By  the  appropriate  equation  of  Aschoff  &  Pohl,  1970.  f  =  Mean  of  winter  and  summer  values.  %A  -  (observ¬ 
ed  -F  predicted)  X  100. 


Geographie  Variation 

Values  of  SMR  for  10  species  which  mainly  occur  at  latitudes  exceeding  50°  are  presented 
in  Table  1.  In  these  cold  climate  forms  SMR  averages  47%  higher  than  predicted  from  the 
birds’  mass.  The  Emperor  Penguin,  Aptenodytes  forsten,  and  the  Adelie  Penguin,  Pygoscelis 
adeliae,  are  conspieuous  exceptions  to  this  trend.  Relatively  low  SMR  in  these  two 
penguin  species  may  relate  to  the  prolonged  fasts  they  undergo  during  the  breeding  season. 

Seasonal  changes  in  SMR  can  complicate  analysis  of  geographic  variations  in 
metabolism.  In  the  Common  Redpoll  (Acanthis  flammea)  SMR  in  winter  exceeds  that 
predicted  from  mass  by  an  average  of  41  %(Steen,  1958;  West,  1972;  Pohl  &  West,  1973) 
while  summer  values  average  98%  of  the  predicted  level  (West,  1972;  Pohl  &  West, 
1973).  In  Order  to  take  this  seasonal  Variation  into  account  the  mean  of  winter  and  summer 
SMR  is  given  for  the  Common  Redpoll  in  Table  1.  Most  of  the  other  species  in  Table  1  are 
large  enough  that  seasonal  variations  in  metabolism  would  not  result  in  an  elevation  in 
SMR.  Elevated  SMR  per  se  lacks  adaptive  value  in  cold  climates,  since  SMR  is  by 
definition  determined  at  thermoneutrality.  Perhaps  a  correlation  exists  between  SMR  and 
summit  metabolism  such  that,  as  with  small  birds  in  winter,  increased  capacity  for  heat 
production  at  low  air  temperatures  involves  metabolic  changes  which  are  reflected  at 
thermoneutrality. 


Weathers;  Metabolie  Rate 
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Weathers  (1977)  suggested  that  a  reduced  SMR  may  be  characteristic  of  tropical  birds. 
Recent  further  studies  of  tropical  species  require  modification  of  this  earlier  Suggestion.  It 
now  appears  (Table  2)  that  while  SMR  is  low  in  species  which  forage  in  the  sun,  it  is  not 
epressed  in  birds  which  occupy  shaded  habitats.  ßirds  which  forage  in  the  sun  are  subject 
to  greater  heat  loads  than  those  which  forage  in  the  shade.  High  ambient  humidity,  a 
characteristic  of  tropical  climates,  limits  the  ability  of  animals  to  compensate  for  heat  loads 
by  mcreasing  evaporative  cooling  (Weathers,  1977).  Thus  a  reduced  level  of  endogenous 
eat  production  in  tropical  birds  which  forage  in  the  open  would  serve  to  extend  the  time 
they  could  be  exposed  to  intense  tropical  Insolation,  and  thus  has  adaptive  significance. 


Table  2:  Companson  of  observed  (obs.)  and  predicted='-  (pred.)  rates  of  Standard  metabolism  (SMR) 

in  tropical  birds 


Species 


SMR  Wkg  ^  Source 


Obs. 

Pred. 

%  Ä 

Forage  in  Shade 

Manacus  vitellinus 

17.5 

16.9 

103 

Vleck  &  Vleck,  unpubl.  obs. 

Pipra  mentalis 

25.8 

21.7 

121 

Scholander  et  ah,  1950 

Pipra  mentalis 

20.7 

17.9 

116 

Vleck  &  Vleck,  unpubl.  obs. 

Thamnophilus  punctatus 

16.2 

16.2 

100 

Vleck  &  Vleck,  unpubl.  obs. 

Irogon  ruf  HS 

9.8 

7.7 

98 

Yarbrough,  1971 

Vestiaria  coccinea 

20.6 

22.9 

90 

MacMillen  &  Carpenter,  1977 

Forage  in  Sun 

Colius  striatus  minor 

6.5 

9.6 

68 

Bartholomew  &  Trost,  1970 

Estrilda  troglodytes 

19.7 

31.1 

64 

Lasiewski  et  ah,  1964 

Leptotila  verreauxi 

6.8 

6.1 

111 

Vleck  &  Vleck,  unpubl.  obs. 
Weathers,  1977 

Lonchura  fuscans 

10.5 

20.0 

51 

Uraeginthus  Bengalis 

17.3 

28.4 

59 

Lasiewski  et  ah,  1964 

Vidua  paradisea 

18.1 

6.7 

70 

Terroine  &  Tautmann,  1927 

Xiphorhynchus  guttatus 

10.0 

13.1 

76 

Vleck  &  Vleck,  unpubl.  obs. 

By  the  appropriate  equation  of  Aschoff  &  Pohl,  1970. 

%A  =  (observed 

-F  predicted)  X  100. 
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Introduction 

Ecological  energetics  has  traditionally  emphasized  energetics  (pnmanly  expenditures) 
with  little  input  from  ecology.  This  may  be  partly  due  to  lack  of  Information  needed  to  test 
ecological  ideas.  If  this  is  the  case  we  should  attempt  to  identify  the  ideas,  Systems,  and 
approaches  needed  to  supply  necessary  information. 

Ideas 

Several  ecological  theories  involving  energetics  concern  “optimal  feeding”  or  resource 
use  (see  Rapport  &  Turner,  1977).  They  presume  an  organism’s  relative  ability  to  survive 
and  reproduce  is  related  to  feeding  “efficiency”  defined  as  net  food  intake  value  per  unit 
time  (rate  of  net  energy  and/or  nutrient  gain).  To  examine  these  and  other  theories 
Information  is  needed  to  account  for  both  expenditures  and  mtakes  of  energy  m  traditional 
economic  terms. 


System 

Rates  of  net  energy  gain  can  be  studied  for  hummingbirds  in  the  laboratory.  Expen¬ 
ditures  can  be  estimated  from  time  budgets,  and  mtakes  from  sugar  water  (Hainsworth  et 
ah,  1977).  The  ease  with  which  both  expenditures  and  intakes  can  be  placed  in  an 
ecological  context  makes  this  System  useful  for  examming  ecological  ideas  (Hainsworth 
&  Wolf,  1979). 


INTERNAL 


EXTERNAL 


AVAILABLE  RESERVES 
FOOD  VALUE 


FOOD  VOLUME 

t 

WEICHT  COSTS 


OVERNIGHT  COSTS 
SEASONAL  COSTS 

PREDICTABLE  FOOD 
AVAILABILITY 


LINEAR  RATE  SETTING 


t 

DAILY  ENERGY  STORAGE  RATE 

surJival 

HABITAT  OCCUPANCY 
REPRODUCTION 

Figure  1.  General  summary  of  factors  influencing  energy  storage  rates  for  hummingbirds.  See  text  for 

explanations. 


Approach 

Even  with  the  ability  to  account  foi  expenditures  and  mtakes,  the  longer  the  interval  the 
greater  the  technical  difficulties  of  analysis.  The  usual  period  for  study  has  been  24  hrs 
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(e.  g.,  Wolf,  1975).  But  perhaps  problems  could  be  initially  minimized  by  identifying  die 
shortest  intervals  for  energy  reguladon.  Patterns  of  energy  use  over  longer  periods  could 
then  be  studied  by  extending  analysis  of  the  mechanisms  operating  over  short  intervals. 

The  shortest  possible  interval  for  energy  regulation  is  from  one  meal  to  the  next. 
Hummingbirds  (Wolf  &  Hainsworth,  1977)  and  rats  (LeMagnen,  1975)  expend  energy 
from  a  meal  prior  to  initiating  the  next  meal  with  some  energy  diverted  for  longer-term 
storage.  The  sum  of  net  gains  from  one  meal  to  the  next  within  and  among  days  will 
provide  for  periods  when  expenditures  exceed  intakes  (overnight,  migration, 
reproduction).  It  is  of  mterest  to  examine  possible  mechanisms  for  and  determmants  of 
rates  of  net  energy  gam  since  they  should  mfluence  survival  and  reproduction.  Figure  1 
summarizes  some  factors  influencing  daily  rates  of  energy  storage  that  will  be  discussed 
below. 


Determinants  of  energy  storage  rates 

Energy  storage  will  depend  on  meal  initiation  relative  to  consumption.  Food  is  initially 
stored  in  a  holding  organ  (a  crop  for  hummingbirds),  and  mechanisms  of  energy  storage 
have  been  interpreted  relative  to  their  possible  function.  For  example,  hummingbirds  störe 
less  energy  after  small  meals  perhaps  due  to  threshold  detection  for  meal  initiation  relative 
to  an  exponential  crop  emptying  rate  (Wolf  &  Hainsworth,  1977).  They  also  can  störe 
less  energy  from  very  large  meals  perhaps  due  to  costs  associated  with  the  weight  of  a  meal 
(DeBenedictis  et  ah,  1978).  Since  energy  storage  rates  depend  on  quantity  consumed, 
meal  size  could  reflect  some  maximum  rate  of  net  energy  gain.  Recent  studies  indicate  that 
the  characteristic  meal  sizes  of  hummingbirds  may  result  in  optimal  rates  of  energy  storage 
(DeBenedictis  et  ah,  1978;  Hainsworth,  1979). 

In  addition  to  volume,  crop  function  may  be  also  influenced  by  feedback  mechanisms 
related  to  food  energy  value.  Food  of  lower  value  may  empty  faster  for  a  given  level  of 
expenditure.  If  the  crop  emptied  in  direct  proportion  to  energy  value  then  energy  storage 
rates  would  be  similar  as  food  concentration  changed.  However,  the  rate  constant  for  crop 
emptying  may  not  decrease  in  direct  proportion  as  food  value  increases.  This  would 
produce  higher  rates  of  energy  storage  as  food  value  increased,  and  energy  budget  studies 
indicate  this  (Wolf  &  Hainsworth,  1977).  Optimal  feeding  theories  suggest  that  a  rate  of 
energy  storage  dependent  on  food  value  should  produce  food  selection  based  on  value. 
Food  selection  by  hummingbirds  is  strongly  influenced  by  sugar  concentration  (Hains¬ 
worth  &  Wolf,  1976),  and  this  may  reflect  the  relative  impact  of  concentration  on 
energy  storage  rates. 

Some  theories  suggest  energy  accumulation  rates  should  be  “maximized”  (e.  g.,  Ellis  et 
ah,  1976),  but  unconstrained  maximization  could  lead  to  obesity.  Removing  the  constraint 
of  food  availability  in  the  laboratory  indicates  rates  of  energy  storage  are  not  necessarily  at 
a  uniform  “maximum”  (see  below).  Energy  storage  rates  may  be  limited  by  internal  and 
external  factors,  and  it  is  important  to  determine  their  impact. 

An  alternative  to  absolute  maximization  would  be  to  have  energy  storage  rates 
adjustable  and  maximized  with  respect  to  demands.  Demands  could  be  set  by  periods 
when  expenditures  exceed  short-term  intake.  Tests  of  this  hypothesis  require  identifying 
costs  associated  with  various  intervals,  and  once  again,  longer  (seasonal)  intervals  present 
the  greatest  difficulties  so  perhaps  we  should  also  examine  shorter  periods.  For  many 
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oiganisms  this  will  be  the  portion  of  a  day  when  feeding  does  not  occur,  and  Kendeigh  et 
al.  (1969)  suggested  daily  energy  accumulation  in  two  species  of  granivorous  birds  was 
determined  by  prior  night  energy  expenditures.  Other  studies  of  fat  deposition  by  birds 
suggested  a  similar  pattem  (Newton,  1969;  Evans,  1969). 

We  measured  daily  net  energy  gains  for  hummingbirds  together  with  energy  expen- 
dituies  the  previous  night  (Fig.  2).  This  suggests  a  relationship,  although  mean  rate  of  net 
energy  gain  differs  considerably  from  predicted  values.  Thus,  other  factors  besides 
overnight  expenditures  may  mfluence  storage  rates.  One  candidate  could  be  the  level  of 
available  reserves.  If  organisms  could  integrate  Information  on  anticipated  required 
expenditures  with  levels  of  available  energy  storage  they  could  perhaps  precisely  reguläre 
energy  over  relatively  long  periods. 


Figure  2.  Mean  rate  of  energy 
storage  vs  overnight  expenditures 
measured  from  oxygen  consump- 
tion.  Each  point  is  a  separate  de- 
termination.  Equality  line  assu- 
mes  constant  rate  of  storage 
throughout  a  day.  •  =  male 
Eugenes  fulgens,  o  =  female  A. 
alexandri  x  =  female  Lampornis 
demenciae. 


Under  this  hypothesis  organisms  with  low  energy  reserves  may  accumulate  at  rates 
greater  than  predicted  while  those  with  high  energy  reserves  may  accumulate  at  rates  lower 
than  predicted.  An  important  concern  is  to  quantify  high  and  low  reserves.  A  sufficient 
level  of  energy  reserve  probably  varies,  and  until  it  is  defined  it  will  be  difficult  to  test  the 
hypothesis.  However,  it  is  possible  to  examine  energy  storage  responses  to  extreme  energy 
reserve  depletion,  and  by  manipulating  reserves  on  a  short-term  basis  we  can  begin  to  ask  if 
and  how  some  organisms  monitor  levels  of  energy  reserves. 


Measurements  of  energy  storage  rates 

We  studied  rates  of  net  energy  gain  for  four  hm:Ae  Archilochus  alexandri  fed  0.5M  sucrose 
and  deprived  of  food  either  from  a  photoperiod  change  (14L  to  9L,  Fig.  3,  1-4)  or  from 
2-3  hr  food  deprivation  during  the  day  (Fig.  3,  5-6).  The  rate  of  energy  storage  was 
remarkably  linear  within  a  day.  There  generally  was  little  change  following  deprivation 
during  the  day  except  for  the  first  half-hour  of  returned  access  to  food.  However,  rates  of 
energy  storage  were  increased  the  day  following  deprivation  in  3  of  4  cases.  Increases  in 
energy  storage  rates  from  day  to  day  appeared  to  occur  either  from  an  increase  for  the  first 
half-hour  or  from  a  sustained  increase  (Fig.  3).  Sustained  adjustments  appeared  to  occur 
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within  the  first  few  days  following  torpor  (Fig.  3).  This  was  predicted  since  hummingbirds 
only  enter  torpor  when  energy  reserves  have  been  depleted  to  some  minimum  threshold 
(FIainsworth  et  al.,  1977).  However,  torpor  was  not  necessary  to  cause  an  increase  in  rate 
of  energy  storage  (Fig.  3). 


Figure  3.  Cumulative  energy 
storage  for  a  femalej4.  alexandri 
fed  0.5M  sucrose.  Numbers  1-4 
represent  successive  days  with  a 
14L  to  9L  photoperiod  change. 
Torpor  occurred  the  nights  pre- 
ceding  days  3  and  4.  Numbers 
5-6  represent  3  hrs  deprivation 
with  the  subsequent  day. 


There  appear  to  be  limits  on  rates  of  energy  storage.  The  rate  can  increase  or  decrease 
from  day  to  day,  but  the  ränge  for^l.  alexandri  fed  0.5M  sucrose  was  between  150-350 
cal/hr.  The  upper  limit  may  be  set  internally,  perhaps  as  a  consequence  of  crop  or  digestive 
function.  The  ränge  of  adjustments  with  respect  to  changing  demands  with  0.5M  sucrose 
was  similar  to  rate  changes  that  occurred  between  different  food  concentrations  when 
demands  were  similar.  This  further  emphasizes  the  importance  of  food  selection  for 
optimal  feeding  behavior. 

The  constancy  of  energy  storage  rates  in  hummingbirds  has  been  proposed  to  be  due  to  a 
compromise  between  costs  associated  with  weight  and  predictable  access  to  food  (Wolf 
&  Hainsworth,  1977).  An  initially  rapid  rate  of  storage  followed  by  maintenance  could 
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increase  costs  for  maintenance  due  to  added  weight.  Delay  of  gains  until  late  in  the  day 
would  require  highly  predictable  access  to  food. 


e  constancy  of  rate  of  energy  storage  in  hummingbirds  within  a  day  suggests  the  rate 
may  be  set  on  a  daily  basis  (Fig.  1)  in  contrast  to  a  variable  rate  resulting  in  some 
required  level  of  energy  storage  prior  to  nightfall.  The  rate  may  be  set  from  a  comparison 
o  overmght  expenditures  with  levels  of  energy  reserves  within  limits  set  by  maximum  rate 
capacity  and  food  value  rate  determinants. 


Patterns  and  determinants  of  energy  storage  have  important  implications  for  ecological 
interpretations.  The  absolute  values  can  provide  a  basis  for  interpreting  aspects  of  resource 
use  based  on  relative  rates  of  energy  storage  and  also  to  infer  some  characteristics  of  the 
mteraction  between  an  organism  and  its  environment.  For  example,  a  maximum  limit  for 
rate  of  energy  storage  could  determine  the  minimum  daylight  period  to  accumulate 
overnight  energy  requirements.  The  minimum  time  would  increase  as  overnight  costs 
mcreased.  For  a  3.3  gA.  alexandri  a  maximum  storage  rate  of  350  cal/hr  coupled  with 
overnight  costs  from  temperature  dependent  Standard  metabolic  rate  (from  Hainsworth 
&  Wolf,  1978)  would  dictate  a  doubling  of  minimum  required  daylight  time  (from  6  to 
12  hrs)  as  environmental  temperature  overnight  decreased  from  27  to  0°C.  This  could  limit 
seasonal  distnbution  independent  of  resource  availability.  Other  costs  associated  with 
molt,  reproduction,  or  migration  would  set  additional  limits  which  could  be  ameliorated 
by  anticipatory  energy  storage. 
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Energetics  of  Foraging  and  Free  Existence  in  Birds 

David  M.  Bryant  and  Klaas  R.  Westerterp 

Introduction 

The  energy  requirements  of  a  bird  must  be  obtained  by  foraging.  This  paper  examines 
foraging  rates  for  a  wide  ränge  of  birds  and  compares  these  data  with  their  energy 
requirements.  We  then  examine  the  relationship  between  energy  income  and  the  costs  of 
feeding  (the  ratio  hereafter  called  foraging  efficiency)  for  one  foraging  guild,  aerial  feeding 
birds,  and  discuss  the  hfe  history  consequences  of  interspecific  differences.  Fmally  data  are 
presented  on  individual  variability  in  daily  energy  expenditure  for  one  member  of  this 
guild,  the  House  Martin,  Delichon  urbica,  and  its  significance  for  the  energy  costs  of 
foraging  and  breeding  are  discussed. 

Foraging  rates  in  birds 

Foraging  rates  (Fr,  energy  intake  or  capture  rates  in  kj.h  have  been  calculated  from 
published  data  on  birds  observed  feeding  in  the  wild.  Data  for  conditions  of  food  scarcity 
or  when  feeding  was  affected  by  special  circumstances  (such  as  bringing  very  small  items  to 
hatchhngs)  have  been  excluded  from  the  analysis.  This  leaves  data  for  birds  either  feeding 
their  young  (inevitably  including  a  time  component  for  travel  in  some  studies)  or 
self-feeding  at  various  times  of  year.  Foraging  rate  is  described  by  the  allometric  equation: 

=  a  where  W  is  body  weight  (g)  and  a  and  h  are  constants  (Fig.  1).  For  all  species 
combined,  except  seabirds  for  which  the  data  are  inconsistent,  the  value  of  the  exponent  b 
is  0.68  (Table  1).  For  individual  guilds  however  the  exponent  generally  lies  dose  to  or 
exceeds  unity.  Thus  because  empirical  values  of  daily  energy  expenditure  (DEE)  in  birds 
ränge  from  W  to  (King  1974,  Kendeigh  et  al.  1977),  within  foraging  guilds, 

larger  size  leads  to  an  increased  rate  of  energy  gain.  This  advantage  for  larger  birds  is 


Table  1:  Coefficients  of  allometry  for  foraging  rates  (Fr  kJ.  in  relation  to  body  weight  (Wg)  in 

birds  (Fr=  aW*’). 


Foraging  guild 

Coefficient  a 

Coefficient  b 

Sample 

size 

F.  for  100  g 
bird 

All  species 

2.16 

0.64='- 

67 

41.65 

All  species 

46.10 

(less  seabirds) 

2.02 

0.68-- 

55 

Wildfowl 

1.79 

0.67 

3 

38.66 

Raptors 

0.26 

1.04-- 

9 

32.15 

Shorebirds 

0.04 

1.26-- 

15 

12.71 

Nectarivores 

1.42 

1.09-- 

6 

(210.86) 

Passerines 

0.92 

0.94 

14 

68.58 

Aerial  feeders 

2.33 

0.56 

8 

30.45 

Seabirds 

16.33 

0.19 

12 

38.44 

(-■  =  significance  of  slope  p  <  0.01) 
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unlikely  to  be  reduced  when  the  energy  costs  of  foraging  alone  are  considered  since  the 
relative  energy  costs  of  travel  (kj.g.  '  km“*)  decrease  with  size  (Tucker  1970, 
Schmidt-Nielsen  1972).  For  companng  the  effect  of  food  type  on  rates  of  energy  gain  it 
is  useful  to  examine  Fr  for  a  notional  100  g  bird  in  each  guild.  Fr  ranges  from  a  low  level  of 
12.7  kjh  among  shorebirds  to  210.9  kj.h  ^  among  nectarivores.  The  predicted  value  for 

o  seabirds 
■  raptors 
A  shorebirds 
•  passerines 
▼  aerial 
a  wildfowl 
V  nectar 


Figure  I.  The  relationship  between  foraging  rate  (Fr,  energy  intake  rate)  and  body  weights  in  birds. 
The  fitted  line  is  for  all  species  (except  seabirds);  see  Table  1.  Energy  value  of  food  items  was 
calculated  from  data  of  Cummings  &  Wuydcheck  (1971)  and  Driver,  Sudgen  &  Kovack 
(1974)  if  not  available  in  the  original  paper.  The  identity  of  each  point  is  given  in  the  Appendix. 
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nectar  feeders  however  clearly  extends  beyond  the  ränge  of  the  data  and  perhaps  a  more 
significant  upper  limit  is  that  for  the  passerine  guild  which  is  68.6  kjh“h  Within  the  guild 
of  aerial  feeding  birds  there  was  no  consistent  trend  with  body  weight.  We  therefore 
present  an  analysis  of  energy  income  and  costs  among  aerial  feeders  and  examine  the 
significance  for  their  life  histories. 

Foraging  efficiency  in  aerial  feeding  birds. 

Hirundines  and  swifts  take  virtually  all  their  insect  food  in  the  air.  Foraging  costs  can 
therefore  be  estimated  crudely  from  a  knowledge  of  the  costs  of  flight.  Flight  costs  for 
aerial  feeders  are  available  from  several  sources  and  yield  remarkably  consistent  results. 
They  invariably  show  less  than  half  the  energy  expenditure  for  flight  of  other  species 
matched  for  size.  (Hails  1977). 

Data  for  foraging  rates  in  four  species  (Swift,  Apus  apus;  House  Martin;  Sand  Martin, 
Riparia  riparia;  Swallow,  Hirundo  rustica)  have  been  obtained  by  direct  observation  at  the 
nest  for  Swifts  (Lack  1956)  and  similarly  for  other  species  by  the  authors  and  D.  R. 
Waugh,  A.  K.  Turner  and  C.  J.  Hails.  By  restricting  measurements  to  bouts  of  feeding 
the  young,  for  the  hirundines  the  problem  of  parental  self-feeding  being  additional  to  the 
insects  in  the  bolus  is  minimised.  This  factor  however  remains  a  difficulty  for  the  Swift, 
thereby  probably  yielding  a  marginal  underestimate  of  foraging  rate. 


Table  2:  Foraging  rate  F,  in  kj.h  ^),  mean  flight  metabolism  (Mf  in  kj.g  *h  *),  and  foraging  effi¬ 
ciency  (Fgff  =  f/Mf)  for  four  aerial  feeding  birds. 


Species 

Fr 

Mf-- 

Body  Weight  (g) 

Feff'"' 

Swift 

Apus  apus 

6.35 

0.17 

42.5 

0.92 

House  Martin 

Delichon  urbica 

8.25 

0.19 

19.4 

2.24 

Swallow 

Hirundo  rustica 

36.26 

0.26 

20.2 

6.81 

Sand  Martin 

Riparia  riparia 

22.65 

0.23 

13.7 

7.06 

The  following  sources  have  been  used  in  these  calculations:  Dolnik  &  Gavrilov  (1971),  Lyuleeva  (1970), 
Kespaik  (1968),  Hails  (1977),  Potapov  (1971),  Oehme  (1968),  Pennycuick  (1975). 


"■"'Clearly  the  Swift  cannot  survive  with  a  mean  F^ff  of  less  than  one.  If  it  is  assumed  to  delivering  food  to 
the  young,  Egff  =  2.35.  Similar  calculations  yield  for  D.  urbica,  3.67;  H.  rustica,  8.29  and  R.  riparia, 
8.50. 

On  an  interspecific  basis  foraging  efficiency  can  be  arranged  in  a  hierarchy  with  the  Swift 
at  the  bottom  and  Sand  Martin  at  the  top  (Table  2).  This  sequence  shows  striking  parallels 
with  aspects  of  the  life  history  and  structural  attributes  of  these  species  (Table  3).  The 
species  with  the  highest  foraging  efficiencies  (Sand  Martin  and  Swallow)  arrive  early  when 
aerial  food  is  scarce,  breed  earliest  and  rear  the  largest  broods.  The  wing  loading  and 
manouverability  are  also  matched  to  the  sequence  of  foraging  efficiencies.  Although  for 
data  of  this  type  it  is  not  possible  to  segregate  cause  and  effect,  a  simple  explanation  is  that 
the  structural  attributes  of  each  species  confer  upon  them  a  specific  ränge  of  foraging 
efficiencies  which,  for  individuals  of  each  species  trying  to  maximise  fitness,  leads  to  the 
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observed  sequence  of  breeding  output:  the  most  rapid  foragers  having  the  greatest  Outputs. 
This  view  relies  on  foraging  costs  being  a  relatively  static  component  of  the  efficiency  of 
foraging  and  implies  that  the  changes  in  efficiency  which  facilitate  the  Start  of  breeding  and 
bring  about  the  seasonal  decline  in  clutch  size  are  predominantly  a  function  of  seasonal 
changes  in  resource  abundance  (Bryant  1975).  As  stated  above  however  the  topic  of 
variability  in  breeding  costs,  mainly  due  to  the  costs  of  foraging  for  the  brood  at  different 
seasons  and  under  different  conditions,  remains  to  be  investigated  in  detail. 

Table  3:  Life  history  parameters,  structural  attributes  and  energetics  data  for  four  aerial  feeding 

birds. 


Swift 
Apus  apus 

House  Martin 
Delichon  urbica 

Swallow 
Hirundo  rustica 

Sand  Martin 
Riparia  riparia 

Main  arrival  time 

late  May 

early  May 

mid  April 

early  April 

Begin  laying 

Ist  clutch  size 

late  May 
2-3 

mid  May 

3-5 

late  April 

4-6 

late  April 

4-6 

%  2nd  clutch  es 

nil 

87 

67-92 

60-90 

2nd  clutch  size 

— 

2-4 

3-4 

3-4 

Wing  loading  g.cm“^ 

3.86 

4.74 

6.11 

5.03 

Manouverability  Index 

(Tail  length  mm/ 

body  weight,  g) 

1.8 

3.1 

5.2 

3.9 

Foraging  efficiency  ränge 

0.92-2.35 

2.24-3.67 

6.81-8.29 

7.06-8.50 

Energetics  of  foraging  and  free  existence  in  breeding  House  Martins 

Monitoring  energy  expenditure  of  breeding  House  Martins  using  the  doubly  labelled 
water  technique  (Lifson  et  al.  1955),  Mails  (1977)  identified  two  significant  causes  of 
Variation  in  daily  energy  expenditure.  Firstly,  for  males,  expenditure  increased  with  brood 
mass  although  there  was  no  comparable  trend  for  females.  This  difference  was  matched  to 
the  sexual  differences  in  feeding  response  to  brood  mass  because  females  tended  to  feed  at  a 
fixed  rate  with  the  residual  nestling  demand  being  taken  up  by  the  male.  Thus  the  larger  or 
heavier  the  brood  the  more  time  the  males  were  required  to  forage.  The  same  trend  was 
apparent  when  broods  were  artificially  enlarged  except  in  one  case  where  some  of  the 
brood  died.  This  result  paralleled  that  of  Utter  &  Lefebvre  (1973)  for  Purple  Martins 
Progne  suhis  where  they  suggested  that  the  sexual  differences  in  energy  expenditure  arose 
from  differences  in  time  spent  feeding  the  brood.  Secondly  Mails  (1977)  was  able  to  show 
that  the  expenditure  for  the  pair  in  rearing  a  second  brood  of  the  overall  average  size  was 
30'  higher  than  for  first  broods,  the  increase  being  shared  equally  between  the  sexes. 

In  neither  of  these  studies  was  it  possible  to  identify  the  fate  of  the  energy  expended  by 
reference  to  the  experimental  individuals’  time  and  activity  budgets.  With  this  in  view  the 
present  study  was  undertaken,  involving  simultaneous  time  budgets  and  measurement  of 
energy  expenditure  by  the  D2  Ojs  method  for  individuals  of  known  age.  We  report  here  our 
results  for  eight  birds  which  were  feeding  nestlings  of  12-16  days  over  a  two  day  period. 
At  the  Start  and  end  of  a  run  the  birds  were  weighed  and  their  fat  reserves  scored.  A  parallel 
study  of  fat  scores  and  the  fat  content  of  carcasses  yielded  data  which  allowed  calculation 
of  changes  in  fat  content  during  each  run. 
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Table  4: 


Mean  energy  expenditure  and  time  Budget  data  for  breeding  House  Martins  with  their  age 
(all  with  a  brood  of  four  young  of  about  14  days  monitored  for  two  days). 


Nest 

Sex 

Age  (yrs) 

Energy  expenditure 
(kj.g-hh-^) 

Time  in  Flight  (%) 

1 

Cf 

3 

0.206 

49.1 

1 

$ 

2 

0.310 

50.3 

2 

Cf 

2 

0.318 

52.5 

2 

$ 

3 

0.203 

33.4 

3 

$ 

1 

0.440 

46.4 

4 

cf 

1 

0.394 

58.7 

5 

cf 

3 

0.160 

44.1 

5 

$ 

2 

0.348 

52.2 

There  was  a  twofold  difference  between  the  lowest  and  highest  levels  of  energy 
expenditure  (Table  4).  The  differences  among  the  8  birds  however  could  not  be  explained 
in  terms  of  the  time  spent  in  flight  or  other  indices  of  activity  such  as  feeding  rate  at  the 
nest,  nor  by  environmental  factors.  The  birds  differed  in  their  tendency  to  subsidize 
foraging  activity  by  drawing  on  their  fat  reserve  (Fig.  2).  This  tendency  was  closely  linked 
to  parental  age,  older  birds  using  more  of  their  fat  and  hence  expending  the  least  energy  (r 
=  -0.97,  p<  0.01).  Presumably  the  significance  of  age  for  predicting  which  birds  make  the 
greatest  use  of  energy  reserves  to  subsidize  foraging  is  related  to  age-specific  differences  in 
reproductive  strategy  (Fisher  1930,  Williams  1966,  Pianka  &  Parker  1975,  Pianka 
1976). 


L  LIPID  (kj)  over  2  days 


Figure  2.  Mean  energy  expendi¬ 
ture  of  breeding  House  Martins 
over  two  days  in  relation  to  chan- 
ges  in  the  energy  content  of  their 
fat  reserves. 


Two  final  points  need  to  be  made  regarding  the  impact  of  energy  reserves  on  current 
energy  expenditure  in  breeding  Ffouse  Martins.  Firstly  older  birds  tend  to  establish  a  larger 
fat  Store  at  the  Start  of  breeding  and  thereby  spread  the  energy  costs  of  the  necessarily  high 
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level  of  foraging  activity  at  the  nestling  stage.  Secondly  the  loss  of  condition  during  their 
first  broods  prevents  parents  subsidizing  foraging  costs  for  second  broods  and  this  leads  to 
higher  energy  expenditures  on  second  broods  (Mails  1977). 

Appendix 

Passerines.  1.  Frmgtlla  coelehs  (Dolnik,  1972);  2.  Motacilla  flava,  3.  Motacilla  alba  (Davies, 
('  vulgaris  (East  &  Pöttinger,  1975);  5.  Spiza  americana  (Schartz  &  Zimmerman, 

1);  5.  Anthus  spinoletta  (Gibb,  1956);  7.  Parus  major  (Royama,  1966);  8.  Parus  caeruleus 
(  OYAMA,  1966,  Krebs,  1970);  9.  Corvus  frugilegus  (Feare  et  al.  1974);  10.  Acrocephalus  schoenoba- 

Muscicapa  striata  (Davies,  1977);  12.  Zenaidura  macroura  (Schmid, 
iQ-n!  passerine  guild);  13.  Regulus  regulus  (Gibb,  1960);  14.  Bubulcus  ibis  (Siegfried, 

1972)  (not  mcluded  in  passerine  guild  equation). 

Raptors.  1.  Circus  pygargus,  2.  C.  cyaneus,  3.  C.  aeruginosus,  (Schipper,  1973);  4.  Buteo 
ga  apagoensis,  (Vries,  1976),  5.  Pandion  haliaetus  (Green,  1976);  6.  Aquila  verreauxii  (Gargett, 
1972),  7.  Buteo  buteo  (Dare,  1971);  8.  Falco  tinnunculus  (Cave,  1968); 

Seabirds.  1.  Thalasseus  sandvicensis,  2.  Sterna  hirundo  (Dünn,  1973);  3.  Uria  aalge  (Birkhead, 
1^976);  2.  Sterna  hirundo  (Nisbet,  1973,  1977);  4.  Sterna  fuscata,  5.  Anous  stolidus  (Brown,  1975);  6. 
Fratercula  arctica  (Gorkhill,  1973);  7.  Larus  argentatus  (Spaans,  1971);  2  Sterna  hirundo,  8.  Sterna 
maxima,  9.  Rynchops  nigra  (Erwin,  1977); 

Shorebirds.  1.  Haematopus  ostralegus  (Brown  &  O’Gonnor,  1974);  2.  Ardea  herodias,  A. 
occidentalis,  3.  Florida  caerula,  4.  Casmerodius  egretta  (Recker  &  Recker,  1968);  1.  H.  ostralegus 
(Heppleston,  1971,  Davidson,  1967,  Drinnan,  1958,  Hulscher,  1976,  Goss-Custard,  (1977);  5. 
Pluvialis  apricaria  (Bengston,  1976);  2.  Ardea  herodias  (Krebs,  1975);  6.  Tringa  totanus  (Goss 
CusTARD,  1977  a  &  b,  J.  Warnes,  unpubl);  7.  Calidris  canutus  (Prater,  1972); 

Wildfowl.  1.  Branta  leucopsis  (Ebbinge,  et  al.  1975);  2.  Anser  albifrons  (Owen,  1972,  1976);  3. 
Oxyura  maccoa  (Siegfried  et  ab,  1976); 

Aerial.  Apus  apus  (Lack,  1956);  2.  Delichon  urbica  (Gunten  &  Schwartzenback,  1962,  Mails, 
1977,  Bryant,  unpubl);  3.  Iridoprocne  albilinea  (Ricklefs,  1971,  1974);  4.  Riparia  riparia  (Waugh  & 
Turner,  unpubl.);  5.  Hirundo  rustica  (Waugh  &  Turner  unpubl.);  6.  Falco  subbuteo  (Thiollay, 
1967)  (also  included  in  raptors). 

Nectarivores.  1.  Nectarinia  famosa  (Wolf,  1975);  2.  Nectarinia  kilimensis,  3.  N.  senegalensis,  4. 
N.  reichenowi,  5.  N.  mariquensis,  (Gill  &  Wolf,  1975)-,  Selasphorus  flammula,  (Hainsworth  & 
Wolf,  1972); 
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Energy  Expenditure  in  Free-living  Birds:  Patterns  and  Diversity 

Glenn  E.  Walsberg 
Introduction 

The  energetics  of  birds,  as  of  other  taxa,  has  necessarily  been  studied  primarily  in  the 
laboratory.  In  an  ecological  sense,  the  results  of  such  analyses  may  be  regarded  as  artifacts 
(albeit,  artifacts  of  fundamental  value)  since  they  reflect  the  animal  s  interaction  with  an 
artificial  environment.  Estimatmg  the  energy  metabolism  of  a  bird  in  its  natural  settmg 
over  a  prolonged  period  (e.g.,  a  daily  cycle)  is  a  complex  task,  however,  smce  power 
consumption  at  this  level  of  Integration  is  the  product  of  a  multitude  of  biotic  and  abiotic 
factors  (see  King’s  [1974]  Figure  1).  Though  still  primitive,  our  knowledge  of  the 
importance  and  Operation  of  these  diverse  factors  has  advanced  substantially  m  recent 
years  and,  with  mcreasing  frequency,  this  has  stimulated  attempts  to  estimate  the  daily 
energy  expenditure  (DEE)  of  free-hvmg  birds.  Limited  space  does  notpermit  discussion  of 
the  extraordinary  variety  of  methods  that  have  been  used  to  estimate  daily  power 
consumption  (see  reviews  by  Gessaman,  1973;  King  1974;  Kendeigh  et  ah,  1977).  Data 
in  the  present  review  are  derived  from  all  methods  except  those  based  primarily  upon 
analyses  of  captive  birds  and  extrapolated  to  the  natural  state  without  considering 
behavioral  differences  between  the  caged  and  free-livmg  animal.  This  is  not  an  arbitrary 
exclusion  since  it  will  be  shown  that  behavioral  adjustments  are  of  major  importance  in 
determining  Variation  of  power  consumption  in  nature. 

As  is  to  be  expected  in  a  relatively  new  and  rapidly  expanding  field,  estimates  of  DEE 
Vary  greatly  in  their  apparent  reliability.  In  spite  of  the  uncertainties  of  particular 
estimates,  however,  it  is  possible  to  discern  a  number  of  recurring  patterns  that  are  the 
subject  of  this  review. 

Daily  energy  expenditure  as  a  function  of  body  mass 

DEE  does  not  closely  parallel  basal  metabolism  as  a  function  of  body  mass;  rather  it 
varies  substantially  between  its  approximate  upper  limit  (power  consumed  in  24  h  of  flight) 
and  its  lower  limit  (basal  metabolism).  A  least-squares  regression  of  DEE  (kj/day)  on 
body  mass  (g)  for  the  total  data  pool  (ignoring  heterogeneous  methods,  averaging  multiple 
estimates  for  species,  using  median  values  when  estimates  for  various  phases  of  the  annual 
cycle  are  reported,  and  averaging  body  mass  for  sexually  dimorphic  species)  yields  the 
equation 

log  DEE  =  log  11.87  +  0.608  log  W  (1) 

where  n  =  30,  Siog  y-iog  X  =  0.0997,  and  r  =  0.970.  Separate  regression  equations 
for  passerines  and  nonpasserines  are  not  statistically  distinguishable,  and  inspection  of 
Figure  1  reveals  no  obvious  passerine/nonpasserine  disparity  like  that  of  the  basal  metabolic 

rate  (BMR). 

The  0.61  slope  of  equation  1  differs  substantially  from  the  0.73  slope  of  the  equations 
describing  flight  metabolism  and  maintenance  metabolism.  Since  these  two  factors  are 
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majoi  components  of  total  daily  energy  expenditure,  one  would  also  expect  DEE  to  have  a 
similar  relation  to  body  size  if  the  proportions  of  energy  allocated  to  these  categories  are 
relatively  independent  of  bocfy  size.  This  assumption  is  not  realistic  since  smaller  birds 
tend  to  be  more  intensely  active  than  larger  ones.  Thus,  equation  1  predicts  average  values 
of  DEE  equal  to  2.8  x  passerine  BMR  for  a  10-g  bird  and  only  1.7  x  passerine  BMR  for  a 
1000-g  bird.  Birds  that  forage  on  the  wing  are  a  distinct  dass  hardly  overlapping  in  DEE 


Figure  1.  Daily  energy  expenditure  (DEE)  as  a  function  of  body  mass.  Squares  or  circles  represent 
mean  or  median  values;  vertical  lines  show  ränge.  Flight  metabolism  is  calculated  by  the  equation  of 
Hart  &  Berger  (1972).  Basal  metabolism  is  calculated  for  the  rest  phase  of  the  daily  cycle  using  the 
equations  of  Aschoff  &  Pohl  (1970).  See  text  for  calculation  of  other  regression  lines. 

Unfilled  squares  (from  left  to  right):  Stellula  calliope  (Calder,  1971),  Calypte  anna  (Pearson,  1954;  Calder, 
1971,  1975,  Stiles,  1971;  Ewald  &  Carpenter,  1978),  Oreotrochilus  estella  (Carpenter,  1976),  Colibri  cori-iscam 
(Hainsworth,  1977). 

Filled  squares  (from  left  to  right):  Aegolius  acadicus  (Gräber,  1962),  Asio  otus  (Gräber,  1962),  Lagopus  kucurus 
(Moss,  1973),  Asio  flamme  HS  (Gräber,  1962),  Lagopus  mutus  (Moss,  1973,  1977),  Fulica  americana  (Murdock, 
1975),  Oxyura  maccoa  (Siegfried  et  al.,  1976),  Eudocimus  albus  (Kushlan,  1977),  Anas  strepera  (Dvter,  1975), 
Branta  leucopsis  (Ebbinge  et  al.,  1975),  Aptenodytes  forsten  (Le  Maho  et  al.,  1976). 

Unfilled  circles  (from  left  to  right):  Petrochelidon  pyrrhonota  (Withers,  1977),  Progne  subis  (female  and  male; 
Utter  &  LepEBVRE,  1973). 

Filled  circles  (from  left  to  right):  Dendroica  caerulescens  (Black,  1975),  Empidonax  traillii  (Marxuach,  1978), 
FI ectarinia  famosa  (W^olf,  1975),  Flectarinia  reichenowi  (Gill  6c  ^^olf,  1975),  \Iestiavia  coccinea  (Carpenter  6c 
MacMiLLEN,  1976),  Anthus  spinoletta  (Gibb,  1956),  Phainopepla  mtens  (Walsberg,  1977,  1978),  Calcanus 
lapponicHs  (Güster,  1974),  Spiza  americana  (Schartz  6c  Zimmermann,  1971),  Mimus  polyglottos  (Utter,  1971), 
Pica  pica  (female  and  male;  Muga.-ks,  1976). 
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with  species  that  do  not  forage  on  the  wing.  Analyzing  only  the  data  for  species  that  forage 
in  flight  yields  the  equation 

log  DEE  =  13.64  +  0.663  log  W  (2) 

where  units  are  as  in  equation  1,  n  =  6,  Siog  y  '  log  x  =  0.066,  and  r=  0.977.  The 
data  for  the  remaining  species  yield  the  relation 

log  DEE  =  log  8.96  +  0.653  log  W  (3) 

where  n  =24,  Sjog  y  '  iogx  =  0.134,  and  r  =  0.973.  The  lines  described  by  these 
two  equations  are  almost  parallel,  with  the  power  consumption  of  birds  that  forage  in 
flight  averaging  about  52%  greater  than  that  of  other  species. 

Energy  expenditure  during  breeding 

Table  1  summarizes  data  on  relative  energy  expenditure  during  different  phases  of  the 
breeding  cycle.  The  data  have  been  normalized  by  expressing  energy  expenditure  as  a 
percentage  of  that  occurring  during  the  incubation  period,  which  was  chosen  as  a  reference 
level  since  it  is  the  period  most  frequently  analyzed  in  different  studies. 


Table  1;  Variation  in  energy  expenditure  during  the  breeding  period. 


Percentage  difference  from  daily 
energy  expenditure  during  incubation  Reference 


Prebreeding  period  Nestling  period 


For  sex  that  incubates: 


Calypte  anna 

- 

+  14 

Calder,  1975 

Empidonax  traillii 

- 

+  11 

Marxuach,  1978 

Petr  och  elidon  pyrrhonota 

- 

+  11 

WiTHERS,  1977 

Pica  pica 

+49 

+45 

Mugaas,  1976 

Phainopepla  nitens 

+  1 

+25 

Walsberg,  1977, 1978 

Dendroica  caerulescens 

-  2 

+  15 

Black,  1975 

Calcarius  lapponicus 

+  6 

-  9 

CUSTER,  1974 

For  sex  that  does  not  incubate: 

Pica  pica 

-  2 

+  14 

Mugaas,  1976 

Mimus  polyglottos 

-  9 

-  5 

Utter,  1971 

Dendroica  caerulescens 

-  2 

+  14 

Black,  1975 

In  almost  all  species  studied,  DEE  during  the  nestling  period  is  the  highest  measured, 
typically  being  10-45%  above  that  during  incubation.  In  contrast,  available  data  indicate 
that  the  incubation  period  is  energetically  conservative  compared  to  either  the  prebreeding 
or  the  nestling  periods.  The  low  energy  expenditure  during  incubation  is  primarily  a  result 
of  decreased  activity  due  to  the  long  periods  that  the  parent  spends  on  the  nest.  For 
example,  time-budget  data  for  4  species  in  Table  1  (Pica,  Phainopepla,  Calcarius, 
Dendroica)  indicate  that  incubating  individuals  spend  an  average  of  26-90%  less  time  in 
flight  per  day  than  they  did  during  the  prebreeding  period.  The  energy  requirement  of 
actually  occupying  the  nest  and  supplying  heat  to  the  eggs  is  controversial  (see  discussions 
by  Kendeigh,  1973;  King,  1973,  1974;  Ricklefs,  1974;  Walsberg  &  King,  1978  and  in 
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p  ess).  Some  authors  have  estimated  that  incubation  entails  an  increase  in  resting  energy 
expenditure  of  approximately  0.2  -  0.4  x  BMR  (e.g.,  Black,  1975)  while  others  have 
estimated  a  decrease  of  similar  size  (Walsberg  &  King,  1978  and  in  press).  It  is  apparent, 

owever,  that  such  relatively  small  shifts  in  energy  metabolism  may  be  of  minor 
significance  to  the  total  energy  budget  of  many  species.  For  example,  a  constant 
increment  or  decrement  of  0.3  x  passerine  BMR  is  equal  to  the  energy  expended  in  only 
a  out  2  minutes  of  flight  per  hour  (estimated  by  the  equation  of  Hart  & 
Berger,  1972).  Thus,  it  is  likely  that  the  energetic  consequences  of  incubation  for 

ree  iving  birds  are  often  determined  primarily  by  the  dramatic  decrease  of  activity  during 
this  phase. 


Annual  patterns  of  energy  expenditure 

The  elucidation  of  annual  patterns  of  energy  expenditure  represents  one  of  the  potentially 
most  valuable  perspectives  from  which  to  evaluate  the  relation  of  energetics  to  the 
evolution  of  avian  hfe  histories.  Unfortunat ely,  only  a  few  studies  have  been  conducted 
during  the  nonbreeding  period,  and  hence  few  data  are  available  with  which  to  analyze 
annual  Variation  in  power  consumption.  The  most  extensive  analysis  is  that  of  Black-billed 
Magpies  (Picapica)  by  Mugaas  (1976).  Walsberg’s  (1977,  1978)  study  of  the  Phainopepla 
(Phainopepla  nitens)  is  less  detailed,  and  Carpenter  (1976)  presents  valuable  but 
somewhat  fragmentary  data  for  the  Andean  Hillstar  {Oreotrochilus  estella).  Even  with 
such  a  hmited  data  base,  however,  a  number  of  general  points  are  worth  noting.  First, 
there  is  substantial  Variation  in  DEE  through  the  annual  cycle  in  all  three  species.  Maximum 
values  equal  about  1.6  times  minima  in  hoth  Pica  ^Phainopepla,  and  apparently  2.9  times 
the  minimum  in  Oreotrochilus.  Second,  and  contrary  to  what  is  frequently  assumed, 
winter  is  not  necessarily  a  period  of  relatively  high  energy  expenditure.  In  only  the  female 
magpie  does  DEE  peak  during  the  winter.  Instead  the  highest  levels  of  energy  expenditure 
typically  occur  when  the  parents  are  feeding  young.  ln  Pica  &L  Phainopepla,  major  shifts  in 
power  consumption  are  almost  exclusively  attributed  to  Variation  in  activity  patterns,  such 
as  changes  in  territorial  or  foraging  behavior.  Variation  in  the  thermoregulatory  require- 
ment  is  of  lesser  importance.  Behavioral  changes  are  also  major  factors  underlying 
Variation  in  DEE  in  Oreotrochilus,  but  the  extreme  annual  ränge  of  DEE  in  this  species  is 

also  a  result  of  important  thermoregulatory  adaptations  used  extensively  in  winter  (e.g., 
torpor). 


Summary  and  conclusions 

Analysis  of  the  patterns  of  energy  expenditure  in  free-living  birds  currently  suffers  from 
an  inadequate  base  of  reliable  data.  Particularly  unfortunate  is  the  infrequency  of  analyses 
such  as  those  of  Utter  &  LcFebvre  (1973)  that  empirically  test  the  accuracy  of  field 
methods.  In  spite  of  these  drawbacks,  a  number  of  general  patterns  can  be  tentatively 
identified:  (1)  DEE  does  not  closely  parallel  basal  metabolism  as  a  function  of  body  mass; 
smaller  species  tend  to  have  higher  DEE/BMR  ratios.  (2)  Extant  data  do  not  suggest  a 
passerine/nonpasserine  disparity  in  daily  energy  expenditure  like  that  of  basal  metabolism. 
(3)  DEE  varies  substantially  (60-190%)  through  the  annual  cycle  in  the  few  species  for 
which  adequate  data  are  available.  (4)  DEE  is  generally  highest  in  adults  feeding  young  and 
is  often  relatively  low  during  incubation  and  in  winter.  (5)  Major  shifts  in  power 
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consumption  appear  to  result  mainly  from  behavioral  changes  rather  than  from  other 
factors,  such  as  Variation  in  the  thermostatic  requirement.  This  latter  point  provides  a 
cautionary  note  for  workers;  behavioral  plasticity,  both  proximate  and  evolutionary, 
appears  to  be  a  major  determinant  of  phasic  and  interspecific  Variation  of  DEE.  Because  of 
this,  extrapolations  to  natural  conditions  from  the  results  of  studies  of  caged  birds  can 
easily  become  unrealistic.  Reasonably  accurate  assessement  of  DEE  obviously  requires  the 
use  of  physiologically  sound  methods  combined  with  a  careful  evaluation  of  the  behavior 
of  the  free-living  bird. 
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Energetics  of  Reproduction  in  Birds 
Raymond  J.  O’Connor 
Introduction 

In  an  extensive  review  of  the  energetics  of  avian  reproduction  Ricklefs  (1974) 
summarized  much  of  the  available  information  as  to  the  patterns  of  energy  expenditure 
during  reproduction.  The  present  paper  (presented  here  in  extended  abstract  form) 
examines  (1)  some  of  the  ecological  correlates  of  these  patterns,  and  (2)  some  related  ideas 
that  have  appeared  in  the  literature  since  Ricklefs  wrote  his  review. 

Energetics  and  the  timing  of  breeding 

Perrins  (1970)  argued  that  with  seasonal  food  supplies  some,  if  not  indeed  many, 
species  are  prevented  from  breeding  at  the  optimal  date  because  the  females  cannot 
accumulate  enough  energy  (or  possibly  some  essential  nutrient)  to  produce  eggs  early 
enough  to  yield  nestlings  at  the  time  young  are  most  easy  to  feed.  This  idea  has  been 
confirmed  experimentally  for  the  Great  ^\tParus  ma]or  by  Källender  (1974)  who  was 
able  to  accelerate  the  onset  of  laying  by  supplying  the  hens  with  additional  food  supplies 
during  the  pre-laying  period.  Perrins’  hypothesis  also  applies  interspecifically,  smaller 
passerines  commencing  laying  earlier  than  large  species  since  their  lower  existence  energies 
allow  them  adequate  surplus  for  daily  egg  formation  sooner  (E.  K.  Dünn  1976).  One 
consequence  of  the  hypothesis  is  that  females  roosting  in  well-insulated  nest-boxes  during 
the  pre-laying  period  should  have  lower  overnight  costs  and  correspondingly  earlier 
attainment  of  an  egg  production  energy  surplus,  and  this  indeed  seems  to  be  the  case  in  the 
Oxford  Great  Tit  population  (O’Gonnor,  1978d).  There  is  thus  an  advantage  to  males  of 
such  species  if  they  build  a  well-insulated  nest. 

The  influence  of  egg  formation  patterns  on  the  energetics  of  laying  has  been  investigated 
by  King  (1973)  and  by  Murton  &  Westwood  (1977).  Since  follicle  growth  is  approxi- 
mately  sigmoidal  the  energy  requirement  for  egg  synthesis  can  be  approximated  by  a  sine 
curve.  This  model  shows  that  peak  energy  requirement  for  the  clutch  is  equal  to  the  energy 
content  of  a  single  egg  and  that  it  is  reached  only  after  p-1  days  (p  the  period  of  egg 
formation).  Murton  &  Westwood  (1977)  show  that  when  environmental  energy 
resources  are  in  short  supply  egg  size  can  be  maintained  only  by  increasing  the  time  taken 
for  the  synthesis  of  each  or  by  spacing  the  eggs  of  the  clutch  further  apart.  Both  options  are 
energetically  costly,  and  in  practice  only  species  with  relatively  small  eggs  lay  large 
clutches  with  one  day  intervals  between  eggs,  though  with  the  Anatidae  a  notable 
exception  in  this  respect. 

Since  egg-laying  is  so  sensitive  to  environmental  energy  resources  the  level  of  the 
female’s  energy  reserves  is  a  significant  determinant  of  clutch  size,  not  only  in  precocial 
species  (Ryder  1970,  MacInnes  et  al.  1974)  but  in  altricial  species  as  well  (Jones  &  Ward 
1976).  Consequently,  the  Situation  is  particularly  open  to  male  assistance  in  diverse  forms 
e.  g.,  by  completely  relieving  the  female  of  early  incubation  duties  to  allow  her  replenish 
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her  depleted  reserves,  as  in  the  Manx  ShesLrwater  Puffinus puffinus,  by  guarding  the  female 
against  Interruption  of  her  foraging  during  the  laying  period,  as  in  various  waterfowl,  or  by 
courtship  feeding  of  the  female,  which  in  the  Great  Tit  may  account  for  40%  of  her 
requirements  (Royama  1966,  Krebs  1970).  In  the  case  of  the  Common  Tern  Sterna 
hirundo  the  success  of  the  clutch  in  producing  fledglings  can  be  traced  back  to  the  extent  of 
courtship  feeding  of  the  female  by  her  mate  (Nisbet  1973). 

The  incubation  period 

Several  passerine  species  have  been  shown  to  recoup  some  or  all  of  the  fat  and  protein 
losses  they  suffer  during  egg-laying  over  the  course  of  the  incubation  period  (Jones  & 
Ward  1976,  Schifferli  1976).  In  keepmg  with  this  the  energy  expenditure  of  mcubating 
birds  has  been  found  to  be  up  to  25%  below  the  level  of  a  non-incubatmg  individual 
(Walsberg  &  King  1978,  m  press),  m  part  because  of  the  more  favourable  microclimate 
at  the  nest-site  and  in  part  because  of  the  nest’s  insulation. 

The  energetics  of  incubation  when  both  species  share  the  task  has  been  dealt  with  by 
Ricklefs  (1974),  but  he  paid  less  attention  to  the  smgle-sex  intermittent  incubation 
pattem  used  by  about  31  %  of  bird  species  (Van  Tyne  &  Berger  1966).  In  a  study  of  this 
incubation  mode  White  &  Kinney  (1974)  found  that  nest  attentiveness  varied  with 
ambient  temperature  in  inverse  hyperbolic  fashion,  with  increase  in  attentive  time  at  low 
temperatures  bemg  recruited  largely  from  non-foragmg  time.  A  sensitivity  analysis  of 
these  authors  model  for  intermittent  incubation  shows  that  egg  temperatures  are  most 
susceptable  to  changes  in  egg  coolmg  rates,  a  result  m  keeping  with  the  general  trend 
towards  bulky  and  well-insulated  nests  in  single-sex  incubators  and  in  keeping  with  a 
correlation  between  nest  attentiveness  and  nest  conductance  observed  in  nests  of  the 
Village  Weav erbird  A/ocez^s  cucullatus  (White  &  Kinney  1974). 

Growth  patterns 

Nestling  and  chick  growth  have  received  increasing  attention  from  researchers  of  late, 
with  the  resulting  emergence  of  a  number  of  new  perspectives.  Ricklefs  (1973,  1974) 
reviewed  growth  patterns  in  birds  in  relation  to  four  hypotheses  based  respectively  on 
ideas  of  predation,  of  energy  limitation,  of  nutrient  distribution  problems  in  growing 
birds,  and  of  precocity  constraints.  No  evidence  is  available  which  would  lead  one  to 
question  Ricklefs’  rejection  of  predation  pressures  as  a  determinant  of  avian  growth  rates. 
On  the  other  hand,  his  computational  model  of  the  energy  limitation  idea  -  that  reduced 
growth  rates  may  reduce  the  peak  energy  needs  of  each  young  and  allow  corresponding 
increase  in  brood  size  —  can  be  challenged  in  the  light  of  recent  results.  Ricklefs  assumed 
constant  weight-specific  metabolism  and  constant  energy  density  were  typical  of  growth 
patterns  and  showed  that  with  constant  mortality  through  the  development  period 
maximum  productivity  would  then  be  obtained  from  a  succession  of  broods  of  one  young 
each.  A  review  of  metabolism  patterns  in  nestlings  shows  metabolic  intensity  to  be  most 
often  a  power  function  of  nestling  weight  and  this  can  lead  to  peak  productivity  at  brood 
sizes  greater  than  one;  the  dependence  of  productivity  on  metabolism  and  energy  density 
Parameters  is  too  complex  to  be  useful  for  generalization.  Ricklefs’  (1969)  model  is  also 
open  to  criticism  because  the  energetics  of  incubating  several  eggs  at  once  (rather  than  a 
series  of  one-egg  clutches)  do  not  obey  his  assumptions.  Finally,  the  model  falls  to  take 
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into  account  the  post-fledging  mortality  of  early  broods  during  the  rearing  of  later  ones. 
An  alternative  formulation  of  the  brood  reduction  versus  growth  rate  adjustment 
dichotomy  (O’CoNNOR  1978a)  shows  that  growth  rate  adjustment  can  be  viable  over  a 
restricted  ränge  of  predation  intensities.  Dünn  (in  press)  has  reached  the  same  conclusion 
from  considerations  of  ecological  constraints  on  life  history  tactics.  It  is  thus  by  no  means 
clear  that  energy  limitation  of  growth  rates  should  be  rejected  as  an  explanation  of 
observed  growth  patterns. 

Ricklefs  (1973)  recognized  the  possibility  that  growth  rates  were  limited  by  problems 
of  distributing  nutrients  about  the  body  of  the  growing  bird.  Ricklefs  discounts  the 
hypothesis  on  the  grounds  that  there  is  little  Variation  in  growth  rates  across  species  with 
diverse  foraging  energetics  and  because  gross  changes  in  growth  rates  do  not  accompany 
the  changes  in  di  et  and  selfsuffiency  taking  place  at  hatching.  Against  this  I  have  shown 
(O’CoNNOR  1977)  that  several  species  develop  body  Organs  differentially  during  growth  in 
a  manner  consistent  with  a  distribution  of  available  nutrients  to  tissues  currently  limiting 
development.  The  problem  with  both  Ricklefs’  and  my  own  arguments  here  is  that  each 
can  be  turned  about  in  a  classical  chicken-egg  argument.  There  remains  a  need  for  an 
unequivocal  test  of  this  particular  hypothesis. 

The  precocity  hypothesis  advanced  by  Ricklefs  (1973)  suggests  that  growth  rates  in 
birds  are  limited  by  the  amount  of  mature  function  a  bird’s  tissues  are  called  upon  to 
sustain,  mature  functioning  being  inconsistent  with  continued  development.  This  hypo¬ 
thesis  has  been  considerably  strengthened  by  Ricklefs’  recent  studies  (Ricklefs  & 
Weremiuk  1977,  Ricklefs  in  press  and  in  unpublished  manuscript):  these  show  that 
Overall  growth  rates  in  birds  are  well-correlated  with  the  proportion  of  muscle  functioning 
in  the  young  bird  at  any  time,  with  the  rate  of  muscle  growth  itself  depending  markedly  on 
the  retention  of  cellular  capacities  for  DNA  uptake  and  cell  proliferation. 

Acceptance  of  either  the  energy  limitation  or  the  precocity  hypotheses  transfers  the 
emphasis  on  growth  patterns  to  the  ecological  constraints  requiring  particular  forms  of 
development.  Thus  Ar  &  Yom-Tov  (1978)  find  that  precocial  development  with  its 
correlates  of  slow  growth  and  foods  easily  accessible  to  independent  young  should  be 
particularly  well-suited  to  Temperate  Zone  environments;  their  data  in  fact  confirm  a 
distinct  bias  towards  precocial  development  outside  the  tropics. 

Several  authors  have  developed  an  essentially  ecological  approach  to  growth  pattem 
studies  over  the  last  few  years  (O’Connor  1979b,  1978c,  Bryant  1978,  Bryant  & 
Gardiner  in  press,  Ricklefs  et  al.  in  press.  Dünn  in  press,  Howe  in  press).  Both  Dünn 
(in  press)  &  O’Connor  (1978b)  have  sought  to  identify  broad  environmental  characteris- 
tics  which  tend  to  canalize  growth  patterns  into  restricted  suites  of  co-adaptations.  Thus 
nestling  growth  may  be  constrained  by  prior  clutch  adjustment  to  predictable  changes  in 
nestling  food  supplies,  by  the  need  to  störe  fat  or  otherwise  accommodate  to  unpredictable 
fluctuations  in  parental  feeding  capacities,  or  by  sibling  competition  (O’Connor  1978b). 
Werschkul  &  Jackson  (1979)  have  demonstrated  that  growth  rates  are  significantly 
faster  in  species  with  clutches  of  more  than  one  egg  than  they  are  in  single  egg  species,  a 
result  implying  a  dominant  role  for  sibling  competition.  This  is  supported  by  my 
theoretical  analysis  of  brood  reduction  strategies  in  birds  (O’Connor  1978a)  which 
showed,  first,  that  sibling  competition  tends  to  favour  brood  reduction  sooner  than  does 
the  parent,  and  secondly,  that  any  risk  of  predation  tends  to  favour  brood  reduction. 
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Egg  size  and  growth 

The  role  of  egg  size  as  a  determinant  of  growth  has  attracted  considerable  attention 
following  ScHiFFERLi  s  (1973)  paper.  Schifferli  showed  that  large  eggs  resulted  in  Great 
Tits  in  faster  growth  and  better  survival  on  the  part  of  the  chicks.  These  effects  have  been 
traced  for  several  species  to  the  benefits  a  large  egg  confers  in  the  face  of  sibling 
competition  (Schifferli  1973,  Parsons  1970,  Nisbet  &  Cohen  1975,  O'Connor 
1978d),  but  egg  quality  per  se  has  also  been  implicated  in  the  case  of  the  Herring  Gull  Larus 
argentatus  (Parsons  1975)  and  of  the  House  Martin  Delichon  urhica  (Bryant  1978). 
Several  studies  have  focussed  on  the  composition  of  eggs  of  different  size  (Ricklefs  et  al. 
in  press,  Ar  &  Yom-Tov  1978)  or  of  the  chicks  hatching  from  them  (ibid.,  O’Connor  & 
Owen  in  preparation),  and  show  that  the  larger  egg  may  allow  the  chick  to  hatch  with 
enhanced  fat  or  water  reserves  or  with  superior  integument  (and  thus  insulation). 
Calculations  show  that  increased  hatching  weights  achieved  through  the  laying  of  large 
eggs  are  an  effective  but  energetically  costly  way  of  reducing  the  development  period.  The 
tactic  is  thus  most  likely  to  be  driven,  when  it  occurs,  by  mortality  constraints. 

The  traditional  notion  that  eggs  of  precocial  species  are  heavier  than  those  of  altricial 
species  has  been  questioned  by  Rahn  et  al.  (1974).  They  found  that  altough  precocial 
species  are  in  general  larger  in  body  size  than  are  altricial  species  the  eggs  laid  by  precocial 
species  females  of  a  Standard  size  are  no  larger  nor  no  smaller  than  those  of  altricial  species 
of  the  same  size.  These  results  notwithstanding,  my  calculations  show  that  the 
greater  energy  loadmg  of  precocial  eggs  (Ar  &  Yom-Tov  1978)  results  in  relatively  greater 
energy  investment  in  precocial  eggs.  But  there  also  exists  a  quite  separate  correlation  of 
relative  egg  weight  with  the  presence  of  neonatal  down  in  a  group,  a  result  potentially 
explicable  in  terms  of  early  homeothermy  if  the  female  can  accumulate  feather  precursors 
into  the  egg  more  readily  than  into  a  chick  (O’Connor  in  preparation).  This  would  then 
explain  the  greater  yolk  reserves  of  precocial  chicks  (Schmekel  1960)  as  the  fuel  for  this 
thermoregulation  (Ar  &  Yom-Tov  1978). 

The  energetics  of  hatching  asynchrony 

Hatching  asynchrony  is  the  normal  prerequisite  for  brood  reduction  (Lack  1956, 
Ricklefs  1965,  O  Connor  1978b),  but  an  alternative  view  is  that  it  allows  a  reduction  of 
peak  brood  energy  requirements  (Bryant  &  Gardiner  in  press,  Howe  1978,  Roth 
unpublished  manuscript).  Bryant  &  Gardiner  found  that  peak  brood  requirements  were 
reduced  by  8%  through  asynchronous  hatching.  Computational  studies  of  my  own  show 
that  such  savings  are  most  significant  at  high  growth  rate  and  in  chicks  with  high  energy 
densities,  conditions  holdmg  for  House  Martins.  The  energy  savings  are  substantially 
greater  with  48  hour  rather  than  24  hour  intervals  between  eggs  hatching.  In  practice, 
though,  the  total  energy  requirements  of  most  young  studied  to  date  appear  to  plateau 
(rather  than  peak)  with  age,  so  the  scope  for  energy  spreading  through  asynchrony  is 
restricted. 


Nestling  metabolism 

Nestling  metabolism  at  thermoneutrality  is  allometrically  related  to  body  weight  (of  the 
nestlings)  in  a  variety  of  species  (Mertens  1977a,  this  study).  For  precocial  species  the 
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regression  equations  parallel  and  lie  dose  to  the  Aschoff-Pohl  equation  for  non- 
passerines  but  for  altricial  passerines  the  weight  dependance  is  steeper  than  for  interspecific 
Variation  between  adults.  This  rapid  increase  in  metabolic  intensity  may  be  related  to  the 
relative  increase  in  heat-generating  body  components  such  as  the  pectoral  muscles 
(O’CoNNOR  1975a,  1977).  Superimposed  on  these  patterns  is  an  increase  in  the  body 
temperature  to  which  metabolic  rate  is  regulated  (O’Connor  1975b,  Mertens  1977a). 
The  physiological  capacities  of  a  nestling  for  independent  homeothermy  are  strongly 
hnked  to  growth  rate  (Dünn  1975)  but  the  occurrence  of  endothermy  in  natural  nests  is 
more  closely  determined  by  brood  metabolism  than  by  individual  performance  under  test 
(Mertens  1969,  E.  H.  Dünn  1976).  Data  in  Mertens  (1977b)  reveal  that  for  Great  Tits 
brood  biomass  is  more  important  than  plumage  msulation  or  nest  msulation,  though  this 
last  is  ecologically  variable  between  species  (O’Connor  1975c).  In  large  broods  nestlmgs 
may  be  at  significant  risk  from  hyperthermia  (Van  Balen  &  Cave  1970,  Mertens  1977a) 
and  this  may  set  upper  hmits  on  the  size  of  clutch  which  may  be  safely  laid  (Mertens 
1977a,  Karlsson  &  Nilsson  1977). 


Discussion 

The  material  reviewed  briefly  above  draws  attention  to  several  points.  First,  we  know 
little  of  nest  insulation  properties,  yet  they  influence  the  energy  budget  of  the  breeding  pair 
from  the  very  onset  of  laying.  Second,  the  energy  partitioning  possible  through  the 
breeding  attempt  is  non-additive,  so  that  expenditure  of  energy  in  one  part  of  the  cycle  can 
have  disproportionate  effects  on  a  later  stage  of  the  cycle.  It  may  be  not  without 
significance  that  much  of  the  coupling  reviewed  was  between  the  periods  of  greatest  energy 
limitation.  Finally,  if  energy  is  indeed  a  determinant  of  growth  patterns  in  birds  it 
probably  acts  through  ecological  constraints  on  sibling  competition  rather  than  on  a  simple 
energy  partitioning  model. 
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Energetics  of  Avian  Moult 

James  R.  King 

Avian  moult  is  undoubtedly  a  period  of  intensive  physiological  adjustment  in  which  as 
much  as  a  quarter  of  a  bird’s  lean  dry  body  mass  is  shed  and  regenerated  in  the  form  of 
feathers  (Chilgren,  1977;  Gavrilov  &  Dolnik,  1974;  Myrcha  &  Pinowski,  1970; 
Newton,  1968).  This  involves  not  only  a  reorganization  of  the  integument  for  the 
Synthesis  of  keratin,  but  also  a  general  intensification  of  amino  acid  metabolism  (Gavrilov 
&  Dolnik,  1974;  Newton,  1968),  modifications  of  water  balance  (Chilgren,  1975; 
Gavrilov,  1974),  a  cyclic  osteoporosis  correlated  with  the  intensity  of  moult  (Meister, 
1951),  and  an  increase  of  blood  volume  (Chilgren  &  deGraw,  1977).  The  sum  of  these 
and  other  adjustments  entrained  by  moult  potentially  requires  modification  of  a  bird’s 
energy  budget,  and  thereby  impinges  on  other  vital  functions  in  the  annual  cycle.  A  bird 
may  adjust  by  (1)  increasing  its  nutrient  intake  to  sustain  the  additive  costs  of  moult,  (2) 
reducing  some  other  component(s)  of  the  energy  budget  (e.g.,  locomotor  activity)  by  a 
compensatory  amount  while  maintaining  stable  nutrient  income,  or  (3)  utilizing  body 
reserves  of  energy  and  protein  if  exogenous  supplies  are  inadequate.  Obviously,  any 
combination  of  these  adjustments  might  be  exploited,  but  only  the  third  category  is  a 
“stress”  in  the  physiological  sense,  and  is  apparently  rare.  The  other  two  may  impose 
ecological  “stresses”  only  by  diverting  energy  or  time  from  other  vital  functions. 

The  assumption  that  moult  is  a  physiological  stress  has  been  questioned  in  passing  by 
King  &  Farner  (1961)  and  by  Payne  (1972),  but  the  recognition  of  reliable  generaliza- 
tions  is  complicated  by  the  paucity  of  data  and  the  great  variety  of  avian  moult  patterns 
(King,  1974)  and  nutritional  adjustments.  This  review  focuses  on  energy  metabolism  and 
selected  aspects  of  amino  acid  metabolism  during  moult.  Because  of  its  necessary  brevity  it 
is  less  then  comprehensive,  and  can  illuminate  only  selected  conclusions  and  problems, 
shorn  of  supporting  detail. 


The  energy  budget  during  moult 

A  rigorous  approach  to  the  analysis  of  moult  energetics  requires  the  specification  of  an 
energy-balance  equation,  since  this  reveals  immediately  the  components  of  energy  flow 
and  their  interrelations: 

ME  =  B  +  (T„  ±  TJ  +  A  +  Pf  +  Nf 

where  ME  =  total  daily  energy  expenditure  by  a  bird  in  which  body  mass,  composition, 
and  temperature  are  stable  except  for  material  changes  resulting  from  the  growth  of  new 
plumage;  B  =  basal  energy  expenditure;  Tn  =  thermostatic  energy  requirement  of 
nonmoulting  birds;  T^  =  thermostatic  increment  or  decrement  resulting  from  changes  of 
tissue  and  plumage  insulation  during  moult;  A  =  energy  expenditure  in  somatomotor  and 
autonomic  activity  above  the  resting  level;  Pf  =  energy  required  in  producing  new  mass 
(feathers);  and  Nf  =  metabolizable  energy  increment,  if  any,  of  ration  required  to  supply 
essential  amino  acids.  The  last  term  is  difficult  to  define  as  a  separate  component,  since  the 
extra  energy  income  potentially  contributes  also  to  other  terms  of  the  energy  budget.  The 
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term  Pf  includes  the  caloric  content  of  new  mass  plus  the  energy  required  in  its  synthesis. 

The  latter  is  detectable  as  a  heat  increment  of  synthesis  added  to  the  basal  power 
consumption,  B. 

The  energy  metabolism  of  moulting  birds  has  been  investigated  by  measurements  of 
oxygen  consumption,  metabolizable  energy  intake,  and  by  estimation  of  the  energy  intake 
required  to  supply  the  sulfur-containing  amino  acids  needed  in  feather  synthesis.  As  will 
be  shown  later,  the  results  reported  thus  far  from  the  use  of  these  methods  are  surprisingly 

concordant  in  view  of  the  improbability  that  their  underlying  assumptions  (rarely  stated) 
are  all  fulfilled. 


Measurement  of  oxygen  consumption 

Measurements  of  oxygen  consumption  are  typically  made  at  night  or  during  the  normal 
rest  period.  The  growth  rate  of  feathers  is  apparently  uniform  throughout  the  24-h  cycle 
(Newton,  1966)  and  so  nocturnal  oxygen  consumption  under  basal  conditions  will 
include  the  heat  increment  of  synthesis.  Reports  thus  far  for  a  variety  of  species,  mostly 
passerines,  all  reveal  increases  of  oxygen  consumption  during  moult  that  ränge  as  maxima 
from  about  9%  to  about  35%  above  the  premoult  levels  (Chilgren,  1975;  Gavrilov, 
1974;  Gavrilov  &  Dolnik,  1974;  Koch  &  de  Bont,  1944;  Lustick,  1970;  Perek  & 
SuLMAN,  1945).  For  instance,  Chilgren  (1975)  showed  in  lonotrichia  leucophrys  gambelii 
caged  indoors  that  oxygen  consumption  at  25°  C  was  correlated  with  the  intensity  of 
postnuptial  moult,  changing  from  a  premoult  value  of  0.469  W  to  0.589,  0.620,  0.630,  and 

0.589  W,  respectively,  in  four  successive  stages  of  moult,  and  stabilizing  at  0.445  W  in  the 
postmoult  period. 

The  ränge  of  Variation  among  these  species  and  studies  (9-35%  increments  above 
premoult  levels)  may  result  from  differences  in  thermal  acclimation,  the  intensity  of  moult 
itself  (a  function  of  duration,  and  the  mass  of  plumage  regenerated),  and  body  size.  If 
variables  (e.g.,  the  sleeping  pattem  of  the  experimental  birds)  other  than  P^  remain 
constant  throughout  the  moult  period,  then  these  increases  of  power  consumption  in  the 
thermoneutral  zone  reflect  the  heat  increment  of  feather  synthesis.  This  is  the  least 
equivocal  (i.e. ,  involves  the  fewest  assumptions)  of  the  methods  for  estimating  this  cost, 
but  requires  fairly  frequent  sampling  during  the  course  of  moult.  Only  the  data  of 
Chilgren  (1975:  Table  4)  on  the  postnuptial  moult  of  2.  /.  gambelii  are  adequate  for  this 
thus  far.  By  assuming  that  the  measured  O2  consumptions  are  stable  within  each  of  four 
arbitrary  stages  of  moult,  each  about  15  days  long,  it  can  be  estimated  that  the  heat 
increment  of  synthesis  [Pf  (1-ep),  where  ep  is  the  partial  or  net  efficiency  of  synthesis]  in 
this  bird  requires  839  kJ.  The  energy  content  of  the  new  plumage  is  equal  to  the  product  of 
its  dry  weight  (1.72  g)  and  its  heat  of  combustion  [21 .7  kj/g  (Chilgren,  1975)],  or  37.3  kJ. 
The  total  caloric  investment  in  new  plumage  is  thus  approximately  839  4-  37  =  876  kJ,  or 
509  kJ/g  of  new  plumage.  This  resembles  estimates  from  less  direct  methods  (see  beyond). 

If  the  insulative  quality  of  the  plumage  or  tissues  diminishes  during  moult,  as  has 
generally  assumed  to  be  true,  then  the  costs  of  feather  synthesis  (Pf)  when  air  temperature 
IS  below  the  lower  critical  temperature  will  be  augmented  by  an  extra  thermostatic  costs 
(Tm).  Total  or  whole-body  heat  conductance  (including  evaporative  heat  transfer)  indeed 
increases  in  proportion  to  the  intensity  of  moult  (Chilgren,  1975;  Gavrilov  &  Dolnik, 
1974:  conductances  estimated  from  slopes  in  Fig.  13),  or  is  at  least  lower  after  moult  than 
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before  it  (Pohl,  1971).  This  does  not  necessarily  mean,  however,  that  the  sensible  heat 
transfer  (radiation  and  convection)  from  the  bird’s  plumage  increases  during  moult,  since 
the  Interpretation  of  these  data  is  confounded  by  a  substantial  increase  in  the  fraction  of 
total  heat  lost  by  evaporation  of  water  during  moult.  This  is  associated  with  an  increased 
turnover  of  body  water,  expressed  in  both  increased  water  consumption  (J.  D.  Chilgren, 
pers.  comm.)  and  urinary  excretion  (Gavrilov,  1974).  When  heat  transfer  by  evaporation 
is  subtracted  in  the  computation  of  whole-body  conductance  (Chilgren,  1975; 
Gavrilov,  1974:  by  manipulation  of  data  in  Tables  2  and  3)  it  appears  that  sensible  heat 
transfer  from  the  Integument  is  unaffected  by  moult,  or  is  augmented  by  a  statistically 
msignificant  amount  (Chilgren,  1975).  It  seems  safe  to  conclude  from  a  variety  of 
investigations  that  total  insulation  is  better  (conductance  is  less)  after  moult  than  before  it; 
but  the  data  available  thus  far  do  not  clearly  support  the  assumtion  that  integumentary 
changes  during  moult  cause  an  increase  in  sensible  heat  loss. 

Measurements  of  metabolizable  energy  intake 

Several  attempts  have  been  made  to  estimate  the  energy  costs  of  moult  (Pf,  or  Pf  ± 
Tm  +  Nf)  by  measuring  metabolizable  energy  (ME)  consumption  by  caged  birds  before, 
during,  and  after  moulting  (Blackmore,  1969;  Chilgren,  1975;  Davis,  1955;  Gavrilov, 
1974;  Gavrilov  &  Dolnik,  1974;  West,  1960,  1968)  on  the  basis  of  the  supposition  that 
an  increase  of  ME  during  moult  as  compared  with  a  control  period  before  and/or  after 
moult  represents  the  “productive  energy”  associated  with  feather  synthesis  and  added 
thermostatic  costs,  if  any.  The  accuracy  of  this  method  depends  heavily  on  the  fulfillment 
of  the  rarely  stated  assumption  that  energy  expenditure  in  locomotion  and  associated 
processes  (A,  in  the  balance  equation)  is  the  same  during  control  periods  and  moult 
periods.  It  is,  however,  a  well-documented  fact  that  perch-hopping  activity  in  at  least  some 
species  of  birds  diminishes  by  as  much  as  90%  (e.g.,  Eyster,  1954)  during  moult  as 
compared  with  control  periods,  mimicking  the  quiescence  of  free-living  birds,  when 
moulting  (for  reviews,  see  Chilgren,  1975;  King,  1974).  Analysis  of  the  allocation  of  ME 
to  various  functions  is  further  complicated  by  the  strong  temperature-dependence  of 
locomotor  activity  in  caged  birds  of  several  species  (Kendeigh,  1974).  In  short,  the  caloric 
cost  of  locomotor  activity  is  an  uncontrolled  and  unquantified  variable  in  this  experimental 
System,  as  already  noted  by  Chilgren  (1975),  and  reciprocal  Variation  of  the  terms  Pf 
and  A  (at  least)  in  the  energy-balance  equation  cannot  be  detected  or  evaluated  in  caloric 
terms. 

Metabolizable  energy  intake  during  moult  in  2.  /.  gambelii  (Chilgren,  1975),  Passer 
domesticus  (Davis,  1955),  and  Lagopus  lagopus  (West,  1968)  caged  outdoors  did  not  differ 
significantly  between  premoult  and  moult  periods,  implying  (if  the  assumptions  of  this 
method  are  accepted)  that  moult  entails  no  caloric  cost  or  that  the  cost  is  so  small  that  it  is 
concealed  by  Statistical  error.  The  measurements  of  oxygen  consumption  mentioned 
earlier,  however,  show  that  this  is  incorrect.  Chilgren’s  investigation  (1975)  of  ME  intake 
by  2.  /.  gambelii  showed  that  there  was  a  marked  decrease  of  perch-hopping  activity  that 
essentially  compensated  for  the  reciprocal  and  concurrent  increase  of  power  consumption 
by  moult.  A  similar  compensation  is  implied  by  West  (1968). 

In  contrast,  in  several  other  populations  or  taxa  of  P.  domesticus  and  Fringilla  coelebs, 
ME  intake  is  directly  correlated  with  the  intensity  of  moult  (Gavrilov,  1974;  Gavrilov 
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&  Dolnik,  1974)  at  all  air  temperatures  investigated.  In  these  investigations,  unlike  those 
mentioned  above,  a  concurrent  decrease  of  locomotor  activity  apparently  dld  not  mask,  or 
did  not  fully  mask,  the  energy  costs  of  moult.  The  estimates  of  Pf  +  Nf  for  these  species 
agree  almost  exactly  with  those  of  another  technique  (see  beyond),  leading  to  the 
conclusion  that  locomotor  activity  costs  m  Gavrilov’s  experiments  were  invariant 
through  time.  This  is  fortuitous.  The  discrepancy  between  these  results,  however,  and 
those  of  Chilgren  (1975),  Davis  (1955),  and  West  (1968)  makes  it  clear  that  the 
measurement  of  ME  as  an  estimate  of  moult  costs  is  not  adequate  for  all  species  or 
experimental  settings. 

Amino  acid  metabolism  in  relation  to  energetics  during  moult 

The  ammo  acid  composition  of  feather  keratin  differs  slightly  among  species  (Harrap  & 
Woods,  1967),  but  in  general  the  cystine  concentration  ranges  from  6.8  to  8.2  g/100  g  of 
dry  keratin  (Ward  &  Lundgren,  1954).  Newton  (1968)  was  evidently  the  first  to  point 
out  in  relation  to  moult  that  cystine  (major)  and  cysteine  (minor)  are  much  more 
concentrated  m  feathers  than  in  the  animal  proteins  (0—6.3  g/100  g)  and  especially  the  plant 
proteins  (0—2.9  g/100  g)  eaten  by  birds.  Birds  during  moult  might  therefore  consume  food 
in  excess  of  caloric  or  other  nutritional  requirements  in  Order  to  extract  essential  amino 
acids.  Moss  (1977)  suggests  that  this  occurs  also  m  Lagopus  lagopus  during  ovogenesis. 
The  term  Nf  in  the  energy  balance  equation  symbolizes  this  excess  energy  intake. 

Taking  their  cue  from  Newton’s  (1968)  observations,  Gavrilov  (1974)  and  Gavrilov 
&  Dolnik  (1974)  devised  a  theoretically  ingenious  method  to  estimate  the  increment  of 
ME  (Nf)  needed  to  supply  cystine  for  feather  synthesis.  This  depends  on  (1)  knowledge 
of  the  cystine  content  of  feathers  and  the  mass  of  feathers  produced  during  moult,  the 
product  of  which  is  the  total  cystine  requirement,  (2)  knowledge  of  the  cystine  concentra¬ 
tion  in  food,  and  (3)  the  caloric  density  and  amount  of  food  eaten.  Manipulating  these 
terms  (eq.  5.63  in  Kendeigh  et  ah,  1977)  yields  the  caloric  intake  entrained  by  dietary 
supplies  of  cystine  incorporated  into  keratin.  Gavrilov  (1974)  reports  that  the  energy 
intake  associated  with  feather  synthesis  (Nf)  estimated  by  this  methods  matches  that  in  7 
paired  measurements  by  the  ME  method  (Pf  4-  Nf)  with  a  mean  algebraic  error  of 
—  0.5%,  or  3.3  kJ  per  moult.  If  this  is  so,  then  Nf  must  be  substituting  completely  for  Pf 
in  the  second  method,  since  the  two  methods  theoretically  quantify  different  elements  of 
the  energy  budget. 

The  accuracy  of  the  amino  acid  method  in  estimating  Nf  requires  the  fulfillment  of  at 
least  two  unstated  but  crucial  assumptions.  First,  it  is  assumed  that  cystine  (or  cysteine) 
cannot  be  synthesized  from  other  amino  acids;  but  this  is  incorrect,  since  either  or  both 
can  be  synthesized  from  methionine  via  homocysteine  (Boorman  &  Lewis,  1971).  It  is 
well  known  that  they  are  only  “relatively  indispensable”  in  the  diet  of  birds,  and  are 
required  only  when  rates  of  syntheses  involving  them  exceed  the  rate  at  which  they  can  be 
produced  from  methionine.  Moulting  chickens  fed  a  laying  ration  suffer  a  negative  sulfur 
balance  only  when  feather  replacement  is  intense  (Holman  et  ah,  1945),  and  the  negative 
nitrogen  balance  of  such  chickens  when  they  are  fed  cystine  is  reduced  disproportionately 
to  the  nitrogen  content  of  the  added  cystine  (Ackerson  &  Blish,  1925),  suggesting  that 
exogenous  cystine  plays  a  role  in  keratin  synthesis  that  is  otherwise  fulfilled  by  an 
accelerated  turnover  of  methionine.  Studies  of  amino-acid  balance  in  chickens  verify  this 
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(Leveille  et  al.,  1960).  The  application  of  this  method  for  estimating  Nf  would  be 
unquestioned  only  if  a  truly  essential  amino  acid  (e.g. ,  leucine  or  threonine,  among  others) 
were  used  as  the  tracer  substance. 

A  second  assumption  is  that  all  of  the  extra  ME  associated  with  cystine  (or  any  other 
amino  acid)  intake  for  feather  synthesis  is  allocated  to  the  chemical  work  of  keratin 
formation  and  attendant  transport  processes,  and  that  none  of  this  energy  is  used  in 
maintenance  functions  (i.e.,  that  it  is  completely  additive  to  maintenance  requirements). 
Data  with  which  to  test  this  assumption  are  scant,  but  those  of  Lustick  (1970),  Chilgren 
(1975)  and  Gavrilov  (1974:  Fig.  1)  are  all  consistent  in  showing  that  power  consumption 
(BMR  or  ME)  in  relation  to  air  temperature  and/or  moult  stage  is  greater  at  all  air 
temperatures  during  moult  than  it  is  before  or  after  moult.  This  indicates  that  the  greater 
heat  production  during  moult  does  not  substitute,  or  does  not  substitute  fully,  for  the 
thermostatic  requirement,  and  is  thus  additive.  This  is  reminiscent  of  the  addition 
(or  nonsubstitution)  of  the  heat  of  locomotor  activity  to  the  maintenance  requirements  in 
certain  species  and  experimental  setting  (Hart,  1971),  and  is  consistent  with  the  view 
expresses  by  Gavrilov  &  Dolnik  (1974)  that  the  extra  heat  production  during  moult  is  a 
thermoregulatory  bürden  at  moderate  to  high  environmental  temperatures,  requiring 
increased  evaporative  heat  transfer. 


Conclusions 

It  will  be  obvious  by  now  that  it  is  not  easy  to  measure  accurately  the  energy  costs  of 
moult  (or  any  other  productive  process)  accurately,  and  that  the  methods  used  thus  far 
include  many  hidden  assumptions  that  may  or  may  not  have  been  fulfilled.  It  seems,  in 
fact,  a  remarkable  coincidence  that  the  estimates  by  the  ME-intake  and  the  amino-acid 
methods  agree  so  well  (0.5%  difference)  with  each  other  and  with  the  aforementioned 
calculations  from  O2  consumption  using  the  data  of  Ghilgren  (1975).  Light  studies  of 
various  subspecies  and  age  classes  of  P.  domesticus  and  F.  coelebs  reported  by  Gavrilov 
(1974)  and  Kendeigh  et  al.  (1977)  ränge  from  419  to  510  kj/g  of  new  feathers  produced, 
averaging  (±  SD)  464  ±  33.7  kJ/g.  The  estimate  of  2.  /.  gambelii  by  the  O2  method  at  25°G 
is  509  kJ/g,  and  the  grand  average  for  all  9  cases  is  469  ±  34.3  kJ/g.  Largely  from  the  same 
data  set,  Kendeigh  et  al.  (1977)  computed  448  kJ/g  (107  kcal/g),  but  the  difference  is 
trivial.  A  sparrow  producing  1.6  g  of  new  plumage  thus  consumes  about  1.6X449  = 
797  kJ  in  moult.  Through  a  60-day  moult  period  this  averages  13.3  kj/day,  or  about  16% 
of  the  approximately  84  kJ/day  that  a  caged  25-g  sparrow  metabolizes  at  moderate  air 
temperatures.  If  the  partial  (net)  efficiency  of  keratin  synthesis  is  70%  (a  reasonable  value 
for  productive  processes)  and  the  heat  of  combustion  of  keratin  is  21.7  kJ/g  (Ghilgren, 
1975),  then  the  energy  invested  in  keratin  synthesis  per  se  totals  only  52.7  kJ  and  averages 
0.88  kJ/day,  or  only  about  7%  of  the  added  cost  of  moult,  exclusive  of  added  thermostatic 
expenditure  (if  any).  This  seems  to  indicate  that  the  costs  of  moult  involve  metabolic  or 
nutritional  processes  in  addition  to  simple  synthesis  of  keratin,  but  it  cannot  be 
emphasized  too  strongly  that  these  measurements  and  observations  are  still  subject  to  a 
substantial  uncertainty,  and  should  not  yet  be  petrified  as  dogma.  Additional  investiga- 
tions  are  needed,  in  which  the  energy  budget  should  be  dissected  more  thoroughly  than 
heretofore. 
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Introduction 

The  bird  are  warm-blooded  animals  as  well  as  the  mammals  and  adjust  their  internal 
body  temperature  to  a  constant  level  of  about  38  —  42°  C  nearly  independently  of  the 
level  and  the  fluctuations  in  ambient  temperature.  However,  many  birds  live  continu- 
ously  or  during  their  breeding  periods  in  relatively  cold  biotops.  Thus,  the  gradient 
between  body  and  air  temperatures  often  reaches  thirty  and  more  degrees  centigrade. 
Such  environmental  cold  does  cause  a  variable  heat  loss  from  the  birds  which  must  be 
compensated  for  if  body  temperature  is  to  be  maintained  constant.  A  constant  internal 
temperature  of  a  body  results  whenever  the  rate  of  internal  heat  production  equals  the 
rate  of  heat  loss  to  the  environment.  A  disturbance  m  either  of  these  parameters  must 
be  countered  by  adjusting  the  other  if  internal  temperature  is  to  be  regulated.  A 
decrease  of  the  ambient  temperature,  for  example,  increases  the  heat  loss  of  the  bird. 
To  prevent  hypothermia  the  animal  must  reduce  its  heat  loss,  and  when  this  action  is 
insufficient  to  resist  the  cold  stress  it  must  also  mcrease  its  metabohc  heat  production. 
The  birds  have  evolved  some  effector  mechanisms  for  Controlling  both  their  heat  loss 
and  their  internal  heat  production. 

Control  of  heat  loss 

Heat  loss  to  the  environment  results  whenever  the  ambient  temperature  is  below  the 
body  temperature  of  the  birds.  The  intensity  of  the  heat  loss  depends  on  the  steepness 
of  the  gradient  between  the  body  and  ambient  temperatures,  the  size  of  animal  and  the 
insulation  of  the  body  surface.  The  heat  flow  from  the  body  to  the  environment  occurs 
by  radiation,  evaporation,  conduction  and  convection.  In  a  cold  environment  the  loss 
by  evaporation  is  small  and  can  hardly  be  regulated  by  the  animal.  However,  the  radia¬ 
tion,  conductive  and  convective  heat  loss  can  be  influenced  by  changing  the  blood  flow 
through  the  skin  and  the  posture  of  feathers. 

Vasomotor  responses 

A  vasoconstriction  of  the  blood  arterioles  in  the  skin  reduces  the  heat  transport  via 
circulation  from  the  core  to  the  skin  and  thereby  via  conduction  and  radiation  from 
skin  to  the  environment.  Countercurrent  circulatory  Systems  in  the  poorly  insulated 
skin  areas  (Ederstrom  &  Brumleve,  1964;  Grant  &  Bland,  1930;  Johansen  &  Mil- 
LARD,  1973)  assist  the  vasomotor  response  and  minimize  the  heat  efflux  from  the 
exposed  areas  (e.  g.,  unfeathered  feet).  The  vasomotor  response  is  obviously  controlled 
by  a  temperature  regulatory  centre  which  is  localized  in  the  anterior  hypothalamus 
(Hissa  &  Rautenberg,  1974;  Rautenberg  &  Necker,  1975;  Simon  et  ab,  1977).  The 
control  action  of  this  hypothalamic  centre  may  be  stimulated  by  temperature  signals 
generated  in  sensors  of  the  skin,  the  spinal  cord  and  the  hypothalamus  (Hammel  et  ah. 
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1976;  Necker,  1972,  1973,  1975;  Rautenberg,  1969a,  b;  Rautenberg  et  al.,  1972, 
1978;  Rosner,  1977;  Simon  et  al.,  1976). 

Pilomotor  responses 

Piloerection  of  feathers  increases  the  distance  between  the  skin  and  the  outside  of 
the  plumage  where  a  calm  air  layer  surrounds  the  bird  through  which  the  heat  is  trans- 
fered  by  conduction  and  radiation.  Only  outside  the  plumage  can  the  heat  be  trans- 
ported  away  by  convection.  Since  the  heat  conduction  in  the  air  is  very  small,  the  fluff- 
ing  of  feathers  increases  the  amount  of  external  insulation  by  three  to  fourfold  of  the 
value  of  sleeked  feathers  (Biebach,  1978;  McFarland  &  Budgell,  1970;  Rautenberg, 
1967;  Veghte  &  Herreid,  1965).  Richards  (1977)  found  that  the  dry  heat  transfer  in 
poorly  feathered  fowls  is  two  times  greater  than  in  normally  feathered  birds  at 
20  —  25  °C.  Thus,  the  covering  by  feathers  and  their  erection  is  a  very  important  factor 
for  heat  Conservation  in  the  endothermic  birds.  The  posture  of  the  plumage  may  be 
controlled  in  the  same  manner  as  the  vasomotor  responses  (McFarland  &  Budgell, 
1970;  Rautenberg,  1969b;  Rautenberg  et  al.,  1972). 

These  two  effector  mechanism  are  used  by  birds  during  rest  and  allows  them  to 
influence  their  rate  of  the  heat  loss  in  few  seconds.  The  energetic  cost  for  these 
responses  is  very  small.  The  pilo-  and  vasomotor  reactions  essentially  effect  the  regula- 
tion  of  the  internal  body  temperature  within  the  neutral  temperature  Zone  whose  ränge 
is  specific  for  the  different  avian  species  (Irving,  1964;  Scholander  et  al.,  1950). 

Behavioral  responses 

The  above  described  responses  can  be  augmented  by  species  specific  thermoregula- 
tory  behavior.  Many  field  studies  have  shown  that  birds  prefer  calm,  dry  and  warm 
places  in  their  biotops  during  bad  weather  (Dawson  &  Hudson,  1970).  By  this  manner 
of  temperature  selection,  the  birds  influences  its  microclimate  and  thereby  its  heat  loss. 
But  such  behavior  can  only  be  effective  if  the  environment  offers  appropriate  alterna¬ 
tive  microclimates.  It  depends  also  on  other  motivations  which  may  dominate  tempo- 
rarily  thermoregulatory  behavior  of  the  bird  (e.  g.,  breeding  or  feeding).  Under  labora- 
tory  condition  where  animals  are  shielded  from  other  things,  a  trained  bird  precisely 
selects  its  prefered  temperature  and  thereby  regulated  its  body  temperature  with  minor 
contributions  from  the  other  thermoregulatory  effectors  (Budgell,  1971;  Laudens¬ 
lager  &  Hammel,  1977;  Schmidt,  1978;  Schmidt  &  Rautenberg,  1975).  This  condi- 
tioned  thermoregulatory  behavior  may  indicate  the  capacity  of  the  behavioral  tempera¬ 
ture  regulation.  It  seems  to  be  preferentially  controlled  by  temperature  signals  gen- 
erated  in  the  skin.  But  information  from  changes  in  core  temperature  are  also  evaluated 
(Schmidt,  1976). 

Acclimatisation 

The  heat  loss  to  the  environment  is  also  influenced  by  acclimating  processes  which 
alter  the  insulation  of  the  surface  by  a  deposition  of  subcutaneous  fat  and  by  the  thick- 
ness  of  plumage  after  the  moult.  These  processes  require  a  long  time  and  go  along  with 
the  annual  cycle.  They  appear  to  be  controlled  by  the  endocrine  System  (Chaffe  & 
Roberts,  1971;  Dawson  &  Hudson,  1970).  They  shift  generally  the  thermoneutral 
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ränge  to  lowei  ambient  temperatures  and  effect  cold  acclimatisation  of  the  metabolic 
processes  in  the  exposed  areas  (e.  g.,  in  the  function  of  foot  nerves  in  arctic  birds,  Ir¬ 
ving  &  Krog,  1955).  Acclimatisation  increases  whole  body  insulation  of  birds,  but 
hardly  influences  the  effectiveness  of  pilo-  and  motor  responses. 

Control  of  heat  production 

All  the  thermoregulatory  mechanisms  described  above  serve  to  reduce  the  heat  loss 
of  birds  in  a  cold  environment.  They  require  a  small  energetic  cost  and  stabilize  the 
internal  body  temperature  in  a  resting  birds  within  a  distinct  ränge  of  ambient  tempera- 
ture.  When  the  ambient  temperature  decreases  below  this  ränge,  the  heat  loss  exceeds 
the  heat  production  during  rest  and  the  bird  must  increase  its  rate  of  the  metabolism.  A 
heat  gain  generally  follows  from  any  forms  of  muscle  activity  (e.  g.,  tonus  of  the  skele- 
tal  muscles,  increase  of  heart  rate  or  action  of  the  digestive  Organs)  or  by  increasing  the 
cell  metabolism  (e.  g.,  in  liver,  kidney  or  spieen).  Although  these  metabolic  processes 
effects  an  internal  heat  gain,  they  take  an  uncontrolled  course  with  respect  to  the  equi- 
hbration  of  the  heat  balance  in  animals.  A  controlled  heat  production  in  birds  is  the  cold 
tremor  or  the  shivering  of  the  skeletal  muscles. 

Shivering 

Shivering  is  a  tremor  of  the  skeletal  muscles  by  which  heat  is  produced  but  no  coordi- 
nated  movements  (Hemingway,  1963).  The  heat  gain  due  to  maximal  shivering  reaches 
four  to  five  times  basal  metabolism.  This  enables  pigeons  for  example  to  stabilize  their 
internal  temperature  at  an  ambient  temperature  of  —70°  C  (Hart,  1962).  This  ther- 
moregulatory  effector  mechanism  is  the  most  important  basis  of  endothermy  in  birds 
and  mammals.  Shivering  thermogenesis  has  been  investigated  intensively.  Fig.  1  shows 
that  shivering  Starts  in  warm  adapted  and  resting  pigeons  at  an  ambient  temperature  of 
about  20  C.  The  cold  tremor  is  forced  and  the  heat  production  increases  with  decreas- 
ing  ambient  temperature,  thereby  the  core  temperature  is  maintained  at  a  constant 
level,  whereas  the  mean  skin  temperature  shows  a  linear  fall.  This  decrease  of  skin  tem¬ 
perature  may  be  the  information  used  by  the  temperature  control  System  to  activate 
proportionally  the  intensity  of  shivering.  There  are  thermoreceptors  in  the  skin  of  birds 
(Gregory,  1973;  Kitchell  et.  ai,  1959;  Leitner  &  Roumy,  1974;  Necker,  1972,  1973) 
and  Necker  (1977)  has  shown  that  such  receptors  at  the  outside  of  wings,  at  the  back 
and  the  head  play  an  important  role  for  the  control  of  shivering.  However  the  tempera¬ 
ture  of  the  body  surface  is  not  the  only  Information  for  the  control  centre.  After  cut- 
tmg  the  dorsal  roots  pigeons  were  able  to  shiver  and  to  increase  their  heat  production 
in  cold  environment  as  well  as  intact  birds,  although  the  peripheral  input  was  inter- 
rupted  (Necker  &  Rautenberg,  1975).  The  deafferented  birds  regulated  their  core 
temperature  at  a  lower  level.  Internal  temperature  sensors  obviously  mediated  the  shiv¬ 
ering  thermogenesis.  Rautenberg  (1967,  1971)  and  Necker  (1975)  demonstrated  the 
high  thermosensitivity  of  the  spinal  cord  in  birds.  There  is  additive  input  from  spinal 
cord  and  skin  temperatures  in  the  control  of  shivering  thermogenesis. 

Why  does  the  thermoregulatory  System  need  two  or  more  thermosensitive  areas?  We 
have  learned  before  that  vasomotor  responses  and  countercurrent  Systems  actively 
decrease  the  skin  temperature  in  a  cold  environment.  Many  skin  areas  are  so  well  insu- 
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lated  that  they  are  hardly  effected  by  cold.  In  other  words,  the  temperature  Informa¬ 
tion  Corning  from  the  skin  is  irregulär  and  cannot  exactly  control  thermogenesis. 
Therefore,  temperature  sensors  of  the  controlled  variable  (that  may  he  the  core  tem¬ 
perature)  must  also  inform  the  regulatory  centre  of  the  level  of  the  internal  tempera¬ 
ture.  The  interaction  of  peripheral  and  central  thermodetectors  is  necessary,  because 
the  thermogenesis  is  proportionally  controlled.  That  means  that  the  driving  of  the 
effector  action  is  proportionally  correlated  with  the  deviation  of  the  controlled  variable 
as  we  found  in  the  deafferented  birds.  But  this  would  always  require  a  decrease  of  the 
core  temperature  to  stimulate  thermogenesis.  However,  the  birds  have  solved  the  prob- 
lem  by  developmg  a  peripheral  temperature  sensitivity  which  provide  feed  forward 
control  of  the  metabolic  effector  System. 


W  kg" 
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Figure  1.  Thermoregula- 
tory  responses  and  body 
temperature  in  relation 
to  ambient  temperature 
in  pigeons. 


Conclusion 


Thermogenetic  shivering  makes  the  birds  independent  of  the  environmental  temper¬ 
ature.  But  the  effectiveness  of  shivering  is  dependent  upon  the  amount  of  external  insu- 
lation  by  feathers.  Poorly  feathered  fowls  are  unable  to  maintain  a  constant  core  tem¬ 
perature  below  10°  C  ambient  temperature,  although  they  increased  their  rate  of  heat 
production  to  double  that  of  normally  feathered  birds  (Richards,  1977).  Likewise  shiv¬ 
ering  and  the  full  capacity  of  temperature  regulation  is  developed  in  young  birds 
together  with  the  growth  of  their  feathers  (McNabb  &  McNabb,  1977).  Thus,  the  tem¬ 
perature  regulation  of  birds  in  cold  environments  is  based  primarily  on  the  developing 
of  feather  insulation  and  shivering  thermogenesis. 
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Physiology  of  Heat  Dissipation 
S.  A.  Richards 
Introduction 

The  greater  pari  of  the  energy  derived  from  the  breakdown  of  food  is  used  by  the 
endothermic  animal  in  maintaining  a  constant  body  temperature.  The  rate  of  metabolic 
heat  production  is  varied  according  to  the  prevailing  thermal  conditions  in  the  external 
environment,  and  the  stability  of  the  internal  temperature  is  achieved  by  balancing  this 
side  of  the  heat  flow  equation  with  the  opposing  side,  that  of  the  rate  of  heat  loss.  It  is 
the  purpose  of  this  brief  article  to  provide  an  illustrative,  not  a  complete,  summary  of 
this  lauer  aspect,  with  emphasis  on  the  responses  of  birds  to  heat  exposure,  using 
examples  selected  mainly  from  material  published  since  the  more  comprehensive 
reviews  of  Calder  &  King  (1974)  and  Whittow  (1976). 

Non-evaporative  heat  exchange 

Basic  physical  mechanisms 

Heat  produced  in  the  body  core  is  lost  to  the  environment  through  the  general  body 
surface  and  the  surface  of  the  respiratory  tract.  It  is  transported  to  the  surface  directly 
by  conduction  through  the  tissues  of  the  body  shell  and  indirectly  by  convection  in  the 
blood  stream.  Sensible  transfer  to  the  environment  then  occurs  by  conduction,  convec¬ 
tion  and  radiation  through  and  from  the  insulative  barrier  represented  by  the  boundary 
layer  of  air  trapped  in  the  plumage.  Conductive  loss  to  the  air  is  minimal  because  of  the 
low  thermal  conductivity  of  this  medium,  although  compression  of  the  plumage  during 
diving  leads  to  a  significant  increase  by  reducing  the  thickness  of  the  insulating  bound¬ 
ary  layer  (Kooyman  et  ah,  1976).  Conduction  to  water  form  the  legs  and  feet  is  rapid 
when  there  is  an  adequate  thermal  gradient:  in  cold  conditions  this  is  minimized  by 
counter-current  heat  exchange,  but  it  becomes  substantial  when  peripheral  blood  flow 
must  be  increased  to  prevent  freezing  of  the  tissues  (Kilgore  &  Schmidt-Nielsen, 
1975).  Convective  transfer  can  account  for  a  large  proportion  of  total  sensible  heat  loss 
when  there  is  rapid  air  movement,  as  for  example  in  flight  (see  below),  while  radiant 
heat  exchange  is  always  complex,  notably  in  hot  conditions  when  there  may  be  sub¬ 
stantial  absorption  of  heat  from  the  sun.  Although  for  long  wavelengths  all  animal  sur- 
faces  behave  much  as  perfect  black  bodies,  regardless  of  colour,  significantly  more  of 
the  energy  of  the  visible  spectrum  is  reflected  by  light  coloured  plumage  than  by  dark 
(Heppner,  1970). 

Autonomie  influences 

The  driving  force  for  sensible  heat  transfer  is  the  prevailing  temperature  of  the  body 
surface  relative  to  that  of  the  core  and  of  the  environment.  It  is  by  altering  this  rela- 
tionship  that  control  of  the  rate  of  heat  loss  is  achieved.  Such  control  is  exercised  by  the 
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activity  of  the  muscles  that  influence  the  diameter  of  the  skin  blood  vessels  and  the  pos- 
ture  of  the  feathers.  However,  the  significance  of  these  responses  is  greatest  under  cold 
conditions  when  the  task  is  to  conserve  heat  rather  than  to  dissipate  it. 

Changes  in  the  blood  flow  to  the  feathered  skin  do,  in  fact,  appear  to  be  minimal, 
but  the  unfeathered  extremities  play  an  important  part  in  the  control  of  heat  loss.  In  the 
fowl,  for  instance,  a  progressive  rise  in  ambient  temperature  elicits  an  abrupt  and  maxi¬ 
mal  Vasodilatation  in  the  comb  and  legs  at  about  27°  C  (Richards,  1971).  However,  at 
the  upper  limit  of  the  thermoneutral  Zone  there  is  no  more  scope  for  autonomic  inter- 
vention  in  sensible  transfer  and  it  is  at  this  stage  that  other  responses  assume  a  greater 
importance. 


Behavioural  influences 

Under  stressful  climatic  conditions  the  role  of  behaviour  is  of  paramount  impor¬ 
tance.  Both  in  nature  and  in  the  laboratory  behavioural  responses  often  seem  to  be  acti- 
vated  preferentially.  By  changing  the  pattem  of  sensible  heat  exchange  with  the  imme- 
diate  environment,  they  postpone  or  obviate  resort  to  the  more  costly  metabolic  or 
evaporative  mechanisms  which,  m  any  case,  quickly  become  dependent  upon  supplies 
of  food  and  water. 

Whereas  autonomic  responses  are  associated  with  the  function  of  particular  organs 
or  Systems,  behavioural  reactions  typically  involve  the  whole  body  and  include  changes 
that  Vary  the  ratio  of  surface  area  to  mass,  such  as  the  retraction  of  extremities,  and  an 
elaborate  variety  of  manoeuvres  that  effect  changes  in  the  environment  itself.  These 
ränge  from  long  distance  migration  in  search  of  warmer  or  cooler  climates  to  the  use 
of  windbreaks,  burrows  and  crevices,  as  well  as  huddling  together  and  nest  building. 
There  is  good  evidence  that  such  responses  have  biological  value.  For  example,  the  sur- 
vival  of  Willow  Grouse  (Lagopus  lagopus)  chicks  depends  upon  basic  thermotropic 
activity  and  the  shortening  of  foraging  periods  in  bad  weather  (Myhre  et  ah,  1975; 
Boggs  et  ah,  1977),  while  huddling  between  domestic  fowl  chicks  permits  the  mainte- 
nance  of  a  higher  body  temperature  at  a  lower  metabolic  rate  (Misson,  1976).  In  the 
case  of  the  Jackass  Penguin  Spheniscus  demersus  the  problem  is  one  of  heat  stress  on 
land  in  a  bird  adapted  principally  for  survival  in  cold  water.  Again  the  answer  is  in 
terms  of  appropriate  behaviour,  including  the  restriction  of  periods  of  activity  to  dawn 
and  dusk,  Orientation  away  from  the  sun,  and  nesting  in  burrows  (Frost  et  ah,  1976). 

In  recent  years  there  have  been  major  advances  in  two  aspects  of  behaviour,  those 
concerning  the  quantitative  analysis  of  the  concept  of  thermal  comfort  using  instru¬ 
mental  conditioning,  and  the  direct  measurement  of  thermoregulatory  parameters  in 
flight.  With  mammals,  the  majority  of  investigations  using  operant  techniques  have 
been  concerned  with  the  acquisition  of  heat-reinforcement  behavior  during  exposure  to 
cold.  The  first  work  with  birds  was  also  of  this  type  and  their  ability  to  work  for  heat 
has  been  demonstrated  (although  only  after  24  to  37  days  of  training)  in  the  Barbary 
Dove  Streptopelia  risoria  (Budgell,  1971),  the  young  Japanese  Quail  Cotumix  cotumix 
japonica  (Spiers,  et  ah,  1974),  and  the  plucked  adult  domestic  fowl  (N.  R.  Scott,  pers. 
comm.).  However,  the  experiments  of  Schmidt  &  Rautenberg  (1975)  with  the  pigeon 
and  Richards  (1976a)  und  Hooper  (unpublished)  with  the  fowl,  indicate  that  normally 
feathered  adult  birds  are  reluctant  to  abandon  their  highly  effective  postural  and  insu- 
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lative  defences  for  thermal  reward.  In  contrast  to  this,  the  relatively  limited  capacity  of 
the  birds  to  tolerate  heat  showed  itself  in  their  readiness  to  work  for  reinforcements  of 
cool  air  in  preference  to  thermal  panting.  More  recently,  Laudenslager  &  Hemmel 
(1977)  have  demonstrated  the  capacity  of  the  Chukar  Partridge  Alectoris  chukar  to 
learn  a  response  that  minimizes  thermal  stress  of  either  type;  the  work  rate  of  the  birds 
was  related  directly  to  the  deviation  of  the  exposure  temperature  from  a  preferred 
ränge  of  25  —  32°  C. 

Studies  of  heat  dissipation  in  flight  have  progressed  rapidly  with  the  development  of 
the  necessary  wind-tunnel  technology.  Flight  itself  has  sometimes  been  seen  as  a  means 
of  increasing  convective  cooling  in  hot  conditions  (Marder,  1973),  but  most  interest 
has  centred  on  the  question  of  how  the  excess  heat  that  is  generated  by  an  enormous 
rise  in  metabolic  rate  is  actually  dissipated.  At  temperatures  up  to  about  30°  C,  at  least 
80  %  of  the  body  heat  appears  to  be  lost  by  non-evaporative  means  to  the  moving  air 
(although  the  contribution  of  cutaneous  evaporation  has  yet  to  be  quantified)  (Bern¬ 
stein,  1976).  There  is  an  unavoidable  increase  in  heat  flow  in  unfeathered  and  poorly 
feathered  areas,  notably  the  feet  (Baudinette  et  ah,  1976).  Contrary  to  the  earlier  view 
however,  the  insulation  of  the  plumage  over  much  of  the  body  is  increased  during 
flight  as  a  result  of  feather  adjustments.  The  purpose  of  this  is  apparently  to  limit  the 
rate  of  heat  loss  to  a  level  that  ensures  a  sustained  hyperthermia  of  as  much  as  2  — 4°  C 
(Torre-Bueno,  1976),  a  Situation  that  is  likely  to  increase  the  efficiency  of  the  flight 
muscles. 

Evaporative  heat  loss 

Under  very  hot  conditions,  when  sensible  forms  of  heat  dissipation  and  behavioural 
heat-avoidance  are  no  longer  adequate,  almost  all  birds  resort  to  panting  in  order  to 
maintain  thermal  homeostasis.  Evaporative  heat  loss  is  governed  by  different  physical 
laws  from  those  Controlling  sensible  loss,  and  depends  in  essence  upon  the  vapour  pres¬ 
sure  gradient  between  the  evaporating  surfaces  and  the  environmental  air  and  on  the 
resistance  to  the  movement  of  vapour  down  the  gradient.  Evaporation  can  occur  into 
an  atmosphere  that  is  already  saturated  with  water  vapour,  provided,  as  is  generally  the 
case,  that  the  temperature  of  the  air  is  below  that  of  the  evaporating  surface.  The  body 
heat  that  is  lost  during  evaporation  is  that  required  to  change  the  state  of  the  water 
from  liquid  to  gas. 

Although  birds  do  not  actively  secrete  water  from  the  skin,  a  significant  proportion 
of  the  total  water  evaporated  is  cutaneous  in  origin,  as  first  described  by  Bernstein 
(1969)  and  Smith  &  Suthers  (1969).  This  appears  to  be  the  result  purely  of  a  passive 
process  of  diffusion  that  is  not  under  physiological  control,  and  in  the  fowl,  for  exam- 
ple,  the  rate  may  be  expressed  as  a  linear  function  of  ambient  temperature  (Richards, 
1976b).  Cutaneous  water  loss  in  this  species  is,  in  fact,  greater  than  respiratory  water 
loss  at  all  temperatures  below  about  21°  C,  accounting  for  78  %  of  the  total  at  0°  C 
and  still  for  as  much  as  25  %  at  40°  C  when  panting  is  maximal. 

In  contrast  to  the  cutaneous  water  loss,  evaporation  from  the  respiratory  tract  is 
under  dose  nervous  control.  Since  the  surface  area  for  evaporation  is  essentially  fixed, 
the  increase  in  evaporation  that  occurs  in  hot  climates  is  brought  about  mainly  by  rais- 
ing  the  rate  of  Ventilation  of  the  surface  by  an  enhanced  total  respiratory  volume.  In 
many  species  the  increase  commences  before  the  onset  of  overt  panting,  but  when  fully 
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established,  the  lauer  is  characterized  by  a  rapid  respiratory  frequency  that  more  than 
compensates  for  the  reduced  tidal  volume. 


The  most  important  work  on  the  efficiency  of  panting  has  been  performed  since  the 
demonstration  by  Lasiewski  et  al.  (1966)  that  estimates  of  thermolytic  capacity  are 
highly  dependent  upon  the  rate  of  air  flow  (and  hence  the  humidity)  in  the  metabolic 
chamber.  The  outcome  of  this  is  that  the  great  majority  of  birds  examined  have  been 
shown  capable,  often  for  several  hours,  of  dissipating  by  evaporation  a  quantity  of  heat 
well  in  excess  of  metabolic  heat  production  at  ambient  temperatures  between  40  and 
45  C.  In  a  recent  study,  for  instance,  the  figure  for  the  Budgerigar  Melopsittacus  undu- 
latus  was  156  %  of  metabolic  heat  at  45°  C  (Weathers  &  Schoenbaechler,  1976a). 
There  are  exceptions  to  this  however,  even  among  wild  tropical  birds,  such  as  the 
Sooty  Tern  Sterna  fuscataw\\\c\\  relies  more  upon  behaviour  (MacMillan  et  ah,  1977), 
and  m  our  studies  of  the  fowl  (acclimated  at  about  22°  C)  we  have  found  few  individu- 
als  capable  of  withstanding  even  40°  C  at  low  humidity  for  much  more  than  one  hour. 

As  to  the  site  of  the  respiratory  evaporation  in  birds,  there  has  been  speculation  for 
more  than  a  hundred  years  (see  Salt,  1964)  on  the  supposed  role  of  the  air  sacs  as 
additional  surfaces  for  evaporative  coohng.  Menuam  &  Richards  (1975)  however 
could  find  no  evidence  to  Support  this  idea.  Their  results  showed  that  the  panting  fowl 
evaporates  water  from  the  nasal,  buccal  and  upper  tracheal  surfaces  in  much  the  same 


way  as  mammals.  Indeed,  all  recent  evidence  on  the  direction  of  air  flow  in  the  avian 
respiratory  System,  dating  from  Bretz  &  Schmidt-Nielsen  (1970),  indicates  that  these 
surfaces  are  the  only  ones  that  could  be  ventilated  with  air  not  already  fully  saturated 
at  body  temperature. 

Many  birds  vibrate  the  floor  of  the  buccal  cavity  (‘gular  flutter’)  during  heat  stress  as 
an  additional  means  of  ventilating  the  evaporating  surfaces.  This  may  or  may  not  be 
synchronised  with  the  panting  rhythm,  but  in  either  case  is  undoubtedly  of  thermo- 
regulatory  significance.  In  the  Japanese  Quail,  for  example,  elimination  of  gular  flutter 
reduces  the  rate  of  evaporative  water  loss  by  about  20  %  (Weathers  &  Schoenbaech¬ 
ler,  1976b).  An  analagous  process,  lingual  flutter,  appears,  to  operate  in  some  Psittaci- 
dae  (Weathers  &  Caccamise,  1975;  Weathers  &  Schoenbaechler,  1976a). 
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Diurnal  Cycles  of  Thermoregulation  and  Hypothermia 

Rudolf  Graf 
Introduction 

Day-night  rhythms  of  body  temperature  in  birds  have  been  well  known  for  many 
years  (Chossat,  1843).  It  has  been  shown  that  in  birds  as  well  as  in  mammals  these 
temperature  rhythms  persist,  when  rhythmical  fluctuations  of  external  factors  such  as 
light  (Zeitgeber)  are  lacking  (Aschoff,  1970).  The  multifaceted  problems  of  endogene- 
ous  circadian  rhythms  will  not  be  discussed  here.  This  paper  deals  first  with  the  ques- 
tion  of  how  the  rhythm  of  body  temperature  is  generated  by  the  effector  mechanisms 
of  heat  loss  and/or  heat  production,  and  whether  there  is  an  active  adjustment  of  body 
temperature  on  a  day-night  basis  by  the  thermoregulatory  System.  Second,  the  influ- 
ence  of  different  internal  and  external  factors  on  the  form  of  day-night  temperature 
rhythms  will  be  discussed.  And  third,  we  will  consider,  whether  the  different  forms  of 
hypothermia  and  torpor  have  a  similar  functional  basis  as  the  normal  day-night 
rhythms  of  body  temperature. 

Day-night  changes  of  body  temperature 

In  day-active  birds,  the  daily  cycles  of  body  temperature  normally  have  a  maximum 
durmg  the  day  and  a  minimum  during  the  night  (for  lit.  see  Dawson  &  Hudson,  1970); 
in  night-active  animals  inverse  Tb-rhythms  exist  (Simpson  &  Galbraith,  1905/06). 
Besides  this,  the  form  of  the  temperature  cycles  is  dependent  on  a  variety  of  factors, 
e.  g.,  it  depends  on  external  conditions  such  as  photoperiod.  Veghte  (1964)  showed, 
for  example,  that  the  Gray  Jay  has  an  elongated  temperature  maximum  during  Sum¬ 
mer,  when  the  light  phase  was  prolonged.  It  is  remarkable,  that  under  these  conditions 
the  rise  and  fall  of  Tb  in  the  morning  and  the  evenmg  happen  much  quicker  than  in 
winter. 

The  ränge  of  daily  temperature  oscillation  varies  with  species.  As  can  be  concluded 
from  data  of  King  &  Farner  (1961),  the  day-night  difference  of  Tb  becomes  smaller 
with  increasmg  body  weight;  a  hummingbird,  e.  g.,  which  is  not  in  a  torpid  state,  shows 
a  ränge  of  8°  C  (Lasiewski,  1964),  whereas  in  the  Ostrich  there  is  a  ränge  of  only 
about  1°  C  (Crawford  &  Schmidt-Nielsen,  1967).  Additionally,  the  birds  which 
become  hypothermic  or  torpid,  mostly  are  small  birds  with  a  weight  of  less  than  100  g, 
as  Apodiformes  and  Caprimulgiformes  (Dawson  &  Hudson,  1970).  The  Turkey  Vul- 
ture,  however,  which  weighs  more  than  2000  g,  undergoes  moderate  hypothermia,  too 
(Heath,  1962).  And  on  the  other  hand,  in  most  birds  with  a  weight  between  30  and 
500  g  the  day-night  difference  of  Tb  looks  very  similar  (about  1  —  3°  C)  or  is  dependent 
on  other  parameters. 

The  amplitude  of  Tb-rhythm  is  influenced  by  ambient  temperatures. 

In  warm  environments  it  becomes  smaller  (Dawson,  1954;  Trost,  1972);  both  day 
and  night  mean  values  are  on  a  higher  level.  Exceptionally  in  the  fowl  above  35°  C  Ta 
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even  higher  Tb-values  were  regarded  during  the  night  than  during  the  day  (van 
Kämpen,  1974).  In  neutral  and  cold  environments  body  temperature  levels  at  day  and 
night  and  the  difference  between  them  become  more  stable.  During  the  night,  there  is 
an  increasing  fall  of  Tb  with  decreasing  Ta  enlarging  the  ränge  of  daily  Tb-oscillation  at 
low  ambient  temperatures.  As  we  found  in  the  pigeon,  during  the  day  even  a  slight 
negative  correlation  can  be  regarded,  so  that  in  low  Ta  body  temperature  is  higher  than 
in  thermoneutrality.  The  lauer  phenomenon  surely  depends  on  the  activity  of  the  bird 
and  therefore  on  the  site  of  temperature  measurement.  Within  the  breast  msucle,  where 
most  of  shivering  heat  production  occurs,  and  in  the  vertebral  canal  the  negative  corre¬ 
lation  is  much  clearer  than  in  the  rectum. 

Chossat  (1843)  showed  that  day-night  Tb-difference  is  enlarged  in  starved  pigeon, 
and  the  same  has  been  föund  in  other  species  (Peiponen,  1970;  Biebach,  1977). 
Though  night  temperatures  get  lower  and  lower  during  consecutive  days,  surprisingly 
the  day  temperatures  reach  nearly  the  same  level.  Since  on  consecutive  days  distinct 
levels  of  Tb  are  reached  (Biebach,  1977),  it  seems  that  starvation  (or  the  energy  content 
of  the  body)  as  well  as  Ta  have  some  influence  on  the  regulated  level  of  Tb  during  the 
night.  Even  in  torpor,  which  has  been  considered  qualitatively  different  from  homeo- 
thermy  (Calder  &  King,  1974),  Tb  appears  to  be  regulated  at  distinct  levels.  Poorwills 
are  able  to  arouse  spontaneously  from  a  body  temperature  of  5°  C  (Ligon,  1970). 
Wolf  &  Hainsworth  (1972)  showed  that  in  several  species  of  hummingbirds  rather 
low  Tb-thresholds  for  metabolic  heat  production  exist  during  torpor  so  that  Tb  is  regu¬ 
lated  at  about  15°  C.  The  influence  of  nutrition  and  temperature  adaptation  both  on 
the  entrance  into  torpor  (Lasiewski,  1963;  Bartholomew  &  Trost,  1970;  Peiponen, 
1966)  and  normal  night  decrease  of  body  temperature  illustrates  the  similarities 
between  normal  Tb-rhythms  and  daily  hypothermic  States.  Even  though  a  clear  distinc- 
tion  has  been  made  between  nocturnal  torpor  and  hypothermia  with  respect  to  changes 
in  respiration  or  in  muscle  coordination  (Calder  &  King,  1974),  this  does  not  neces- 
sarily  imply  a  qualitative  difference  in  thermoregulation.  Such  a  conclusion  also  can 
not  be  drawn  from  experiments  which  show  that  the  fall  of  Tb  during  the  entrance  of 
torpor  is  similar  to  a  Newtonian  cooling  curve  (Lasiewski  &  Lasiewski,  1967).  Tb-levels 
falling  near  on  Newtonian  curve  reveal  only  a  good  adaptation  for  energy  Conserva¬ 
tion.  Whether  or  not  this  is  a  regulated  decline  in  Tb  can  only  be  answered  by  Investiga¬ 
tion  of  the  Controlling  System. 


Day-night  changes  of  thermoregulatory  functions 

So  far  not  much  is  known  about  the  generation  of  the  different  body  temperature 
rhythms  described  above. 

Though  the  Tb-rhythms  normally  are  accompanied  by  rhythmical  changes  of  loco- 
motor  activity,  wakefulness  and  food  intake,  they  are  at  least  partly  independent  of 
these  variables.  For  example  independence  from  a  rhythm  of  food  intake  is  evidenced 
by  the  fact  that  day-night  Tb-cycles  are  increased  in  amplitude  during  starvation. 
Metabolism  rhythms  are  as  well  known  in  birds  as  Tb-rhythms,  and  also  seem  to  be 
independent  from  activity  as  Aschoff  &  Pohl  (1970)  have  shown  in  resting  and  star- 
ving  bramblings.  The  interdependence  between  body  temperature  and  metabolism  cycles 
is  unknown;  probably  there  exists  a  very  dose  coupling.  It  is  certain,  however,  that 
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metabolism  and  shivering  are  very  strongly  correlated,  for  in  birds  shivering  is  the  only 
effector  mechanism  for  extra  heat  production.  It  was  described  by  Lasiewski  et  al. 
(1967),  that  the  Giant  Hummingbird  reduces  electromyographic  activity  entering  tor- 
por.  Similarly  shivering  is  reduced  in  the  Poorwill  (Bartholomew  et  ab,  1962)  and  in 
the  Turkey  Vulture  becoming  hypothermic  (Heath,  1962).  Düring  arousal  from  tor- 
por  or  hypothermia  the  birds  increase  shivering.  On  the  other  hand,  in  the  Smooth- 
billed  Ani,  shivering  seems  to  play  a  less  important  role  (Warren,  1960).  As  we  found 
in  the  pigeon  for  generating  normal  Tb-rhythm  shivering  is  essential  especially  in  low 
Ta.  For  Investigation  of  shivering  the  EMG  of  the  breast  muscle  was  measured  and  inte- 
grated;  at  constant  ambient  temperatures  below  the  thermoneutral  zone  shivering  was 
reduced  shortly  after  lights-off  (LD-conditions  of  12:12  hours),  and  increased  again 
some  hours  before  lights-on.  The  lower  the  Ta,  the  smaller  was  the  reduction  of  shiver¬ 
ing.  Additionally  under  these  conditions  shivering  increased  earlier  before  lights-on,  so 
that  the  shivering  rhythm  is  both  a  function  of  time  of  day  and  Ta. 

Additionally,  we  investigated  the  interdependence  of  shivering  and  thermoregulatory 
behavior  in  day-night  rhythms  (Schmidt  et  ah,  1977).  In  an  instrumental  Situation 
pigeons  were  given  the  possibilities  to  select  between  a  cold  and  a  warm  air  stream. 
Düring  the  phase  of  daily  decreasing  Tb  the  birds  showed  a  maximum  of  behavioral 
heat  gain,  while  during  the  phase  of  increasing  Tb  they  showed  a  minimum,  thus 
enlarging  the  reduction  of  shivering  during  night  phase.  It  must  be  kept  in  mind,  that 
this  study  of  thermoregulatory  behavior  does  not  imply  any  conclusion  about  natural 
diurnal  thermoregulatory  behavior. 

Nothing  is  known  about  the  involvement  of  effectors  other  than  shivering  in  gen¬ 
erating  daily  hypothermia.  In  contrast  to  mammals,  where  a  torpor-decrease  of  Tb  is 
accompanied  by  Vasodilatation  (Ghew  et  ah,  1967),  McMillan  &  Trost  (1967)  sug- 
gest  that  in  birds  only  a  reduction  of  thermogenesis  is  responsible  for  the  decrease  of 
body  temperature  during  night.  However,  in  generating  normal  Tb-rhythms  in  birds, 
more  effectors  are  involved.  Measurements  of  conductance  show  that  a  day-night 
change  of  heat  loss  exists  (Trost,  1972;  Aschoff  et  ah,  1974).  Decreases  of  heart  rate 
and  breathing  rate  during  the  night  were  seen  in  the  fowl  at  relatively  low  ambient  tem¬ 
peratures  (Scott  &  van  Tienhoven,  1971;  Oshima  et  ah,  1974).  In  pigeons,  we  studied 
the  diurnal  changes  of  vasomotor  activity  and  panting  at  different  ambient  tempera¬ 
tures  for  24  hour  periods.  Within  thermoneutrality  we  recorded  an  increase  in  foot 
temperature  due  to  Vasodilatation  during  the  decrease  of  Tb.  Later  on,  foot  tempera¬ 
ture  decreased  again  (vasoconstriction).  Feet  remained  vasoconstricted  even  in  the  late 
dark  phase,  when  Tb  was  already  increasing.  At  higher  ambient  temperatures  (above 
thermoneutrality)  Vasodilatation  persisted  over  24  hours,  but  respiratory  rate  increased 
significantly  shortly  after  lights-off. 

Further  experiments  demonstrated  that  reactions  elicited  by  peripheral  and  spinal 
short-term  Stimuli  showed  similar  day-night  differences  as  the  investigations  of  the 
effector  mechanisms.  In  the  day  a  decrease  of  Ta  was  followed  by  an  immediate 
increase  of  shivering  and  heat  production,  whereas  in  the  night  the  reaction  got  smaller 
and  was  delayed.  The  effect  of  local  spinal  cooling,  too,  was  much  smaller  in  the  dark 
phase;  we  measured  a  downward  shift  of  threshold  temperatures  for  shivering  and  heat 
production  of  about  3°  C.  In  addition,  it  could  be  shown,  that  the  daily  cycle  of  spinal 
thermosensitivity  depends  upon  ambient  temperature.  The  higher  the  Ta,  the  lower 
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were  the  reactions  to  the  same  cold  Stimuli.  On  the  other  hand,  the  effect  of  local  spinal 
warming  on  evaporative  heat  loss  was  found  to  be  greater  during  the  night.  Thus,  the 
thresholds  for  both  central  and  peripheral  thermosensitivity  change  during  the  night  in 
the  pigeon  (Graf,  1977). 


Conclusion 

Regarding  the  different  daily  Tb-rhythmus,  we  can  conclude,  that  the  normal  ränge 
of  oscillation  is  generated  at  least  in  the  pigeon  by  a  diurnal  change  of  all  investigated 
thermoregulatory  functions,  with  an  additional  dependence  on  ambient  temperature. 
This  is  in  agreement  with  the  hypothesis  of  an  active  adjustment  of  the  day-night 
rhythm  of  body  temperature.  Especially  the  increase  of  breathing  rate  and  thermoregu¬ 
latory  behavior  during  the  daily  fall  of  Tb  demonstrate  active  thermoregulation.  A  low¬ 
ered  Tb  during  the  inactive  portion  of  the  day  results  in  a  substantial  saving  of  energy. 
This  is  even  more  true  for  daily  Tb-rhythms  with  larger  ranges  (hypothermia  and  tor- 
por).  These  rhythms  seem  to  have  a  similar  functional  basis  as  those  with  normal 
ranges,  which  becomes  evident  from  the  stabilization  of  low  body  temperatures  during 
the  night  and  the  involvement  of  shivering  into  the  generation  of  these  rhythms.  Never- 
theless  more  investigations  of  thermoregulatory  functions  must  be  made  to  test  this 
supposition.  After  that,  the  different  concepts  of  hypothermia,  torpor  and  day-night 
rhythm  of  body  temperature  should  be  reconsidered. 
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The  Controlling  System  for  Temperature  Regulation 

H.  T.  Hammel 

The  regulation  of  body  temperature  in  vertebrates  is  achieved  by  neural  pathways 
which  link  receptors  with  motor  responses  in  Order  to  limit  the  deviation  of  core  tem¬ 
perature,  Tc,  from  an  optimal  temperature,  To,  for  most  body  functions.  Since  the  ther¬ 
mal  environment  may  force  Tc  to  exceed  To  or  Tc  to  be  less  than  To,  most  species  have 
evolved  a  “warm”  neural  pathway  to  limit  the  increase  of  Tc  over  To  and  a  cool  neu¬ 
ral  pathway  to  limit  the  decrease  in  Tc  below  To,  as  illustrated  in  Fig.  1.  This  concept 
has  been  derived  from  the  analysis  of  temperature  regulation  in  mammals  (Hammel, 
1972).  We  are  concerned  here  with  the  Controlling  System  in  birds,  the  portion  of  the 
neural  elements  represented  to  the  left  of  the  double  broken  line  in  Fig.  1.  We  need 
only  note  at  this  time  that  the  controlled  System  consists  of  many  complex  autonomic 
and  behavioral  responses  activated  by  the  Controlling  System.  In  Order  to  caricature  the 
neural  network  which  is  responsible  for  thermal  homeostasis  in  birds,  there  are  many 
characteristics  of  the  Controlling  System  to  be  explored  experimentally.  We  shall  review 
some  of  these  and  refer  the  reader  to  others  described  by  Rautenberg,  by  Richards 
and  by  Grae  in  this  Symposium. 


Neural  Elements  for  Controlling  Thermal  Responses 
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Figure  1.  Neural  pathways  for 
regulating  core  temperature. 
Upper;  “warm”  neural  pathway. 
Lower:  “cold”  neural  pathway. 
R.  A.  S.  indicate  the  reticular 
activating  System. 


Deep  body  thermosensitivity 

Brainstem 

There  are  neurons  in  the  hypothalamus  of  the  conscious  Peking  Duck  which 
increased  firing  rate  as  their  temperature  was  increased  from  32  to  42  °C  (Simon  et  ah, 
1977).  Some  of  these  neurons  increased  their  firing  rate  exponentially  with  a  Qio  rang¬ 
ing  between  2  and  17.  In  a  total  of  29  neurons  tested  for  temperature  sensitivity,  11 
were  warm  sensitive  with  an  average  Qio  =  4.8  ±  4.3,  5  were  cold  sensitive,  5  were 
insensitive  to  temperature  change,  and  8  responded  variably  to  temperature  and  could 
not  be  classified.  This  assortment  of  thermal  sensitive  and  insensitive  neurons  in  the 
hypothalamus  of  the  duck  was  essentially  the  same  as  that  recorded  in  the  cat  (Eisen- 
MAN  &  Jackson,  1967;  Nakayama  et  ah,  1963),  rabbit  (Hellon,  1967),  dog  (Cun- 
NiNGHAM  et  ah,  1967;  Hardy  et  ah,  1964)  and  even  in  a  lizard  (Cabanac  et  ah,  1967). 

Co-authors:  E.  Simon  and  Ch.  Simon-Oppermann 

Author’s  address:  Physiological  Research  Laboratory,  Scripps  Institution  of  Oceanography  UCSD, 
CA  92  093,  U.S.A. 
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As  in  mammals,  there  are  hypothalamic  neurons  in  the  pigeon  which  increase  activity 
when  cooling  the  spinal  cord  and/ or  the  skin  and  there  are  neurons  which  increase 
their  activity  when  heating  the  skin  and/or  the  spinal  cord  (Rosner,  G.,  1977).  From 
this  comparison,  we  might  anticipate  that  warming  and  cooling  the  rostral  brainstem  of 
birds  would  strongly  elicit  the  appropriate  thermoregulatory  responses  observed  in 
mammals.  In  fact,  we  shall  find  that  birds  are  weakly  responsive  or  even  respond  par- 
adoxically  to  altering  their  brain  temperature. 

Hypothalamic  heating: 

In  some  instances  warming  the  hypothalamic  tissue  elicits  the  appropriate  responses 
in  birds  as  in  mammals.  For  example,  increasing  the  hypothalamic  temperature  from  a 
normal  temperature  of  39  C  to  41  °C  m  a  conscious  Adehe  Penguin  resting  in  a  ther¬ 
mal  neutral  ambient  temperature  of  10  °C  induced  Vasodilatation  in  vessels  of  the  wing 
as  indicated  by  an  increase  in  wing  temperature  (Simon  et  ah,  1976).  Associated  with 
this  shift  of  core  heat  to  the  peripheral  tissue  was  a  slight  reduction  in  esophogeal  tem¬ 
perature.  But  then  m  the  same  experiment  strong  hypothalamic  cooling  paradoxically 
reduced  vasoconstriction  causing  an  increase  in  wing  temperature.  In  experiments  on 
the  Pekin  Duck,  warming  hypothalamic  tissue  appropriately  increased  the  rate  of  eva- 
porative  heat  loss  m  a  33  C  environment  (Simon-Oppermann  et  ah,  m  press).  In  the 
same  experiment  when  the  duck  was  already  panting,  cooling  the  hypothalamic  tissue 
only  momentarily  reduced  panting;  the  hypothalamic  cooling  then  paradoxically 
enhanced  panting  for  many  minutes  which  was  time  enough  to  lower  the  core  tempera¬ 
ture  by  more  than  1  C  and  lessen  the  panting  and  the  rate  of  evaporative  water  loss. 

The  pigeon  also  rarely  panted  in  response  to  heating  the  brain  to  44  °C  (Rauten¬ 
berg  et  al.,  1972).  In  an  experiment  on  the  pigeon,  hypothalamic  cooling  paradoxically 
increased  the  respiration  rate  for  a  short  time  and  by  an  amount  depending  on  the  pre- 
stimulus  panting  rate  (Schmidt,  1976).  In  one  instance  in  the  same  experiment,  warm- 
mg  the  hypothalamic  tissue  paradoxically  inhibited  the  respiration  rate.  A  pigeon,  in  a 
hot  environment  and  trained  to  interrupt  a  light  beam  which  caused  a  burst  of  cold  air 
to  blow  over  the  bird,  responded  appropriately  for  more  cold  air  when  its  hypothalamic 
tissue  was  heated  and  called  for  less  cold  air  when  its  hypothalamus  was  cooled 
(Schmidt,  1976  b).  Thus,  hypothalamic  heating  in  pigeons  may  appropriately  elicit 
responses  to  diminish  core  temperature.  However,  paradoxical  responses  may  also  be 
elicited  by  hypothalamic  warming. 

Hypothalamic  cooling: 

Cooling  the  preoptic  tissue  of  the  house  sparrow  in  an  ambient  temperature  of  about 
25  °C  increased  Vq,  by  9  percent  while  heating  the  same  tissue  decreased  Vq,  by  28  per- 
cent  (Mills  &  Heath,  1972  a).  These  are  small  and  appropriate  effects.  On  the  other 
hand,  cooling  the  ventral  hypothalamus  under  the  same  conditions  paradoxically 
decreased  Vq,  by  1 8  percent. 

Cooling  hypothalamic  tissue  in  the  Peking  Duck  paradoxically  reduced  vasocon¬ 
striction  in  the  foot  web  when  the  vessels  were  already  vasoconstricted  and  it  inhibited 
shivering  when  the  duck  was  already  shivering  (Simon-Oppermann  et  al.,  in  press). 
Similarly  in  an  Adelie  Penguin  that  was  already  shivering  at  — 19  °C,  cooling  its  hypo¬ 
thalamus  inhibited  shivering,  Fig.  2  (Simon  et  al.,  1976).  Furthermore,  during  the  inhi- 
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bition  of  shivering,  the  esophogeal  temperature  feil  by  about  1  °C.  When  the  hypotha- 
lamic  cooling  ceased  and  the  tissue  returned  to  core  temperature  there  was  a  large 
transient  increase  in  shivering  and  Vq^  Little  or  no  effect  on  V02  was  caused  by  cooling 
the  brainstem  of  the  pigeon  (Rautenberg  et  ah,  1972)  or  the  California  Quail  (Snapp 
et  ah,  1977). 


Figure  2.  Oxygen  consumption 
and  core  temperature  at  cold 
ambient  conditions  as  influenced 
by  cooling  of  the  rostral  brain 
Stern.  Body  weight  of  Adelie 
Penguin  4.23  kg.  es  =  esopha- 
gus,  hy  =  hypothalamus. 

Spinal  Cord 

Neurons  in  the  spinal  cord  of  the  pigeon  have  been  shown  to  have  temperature  sen- 
sitivity,  increasing  firing  rate  with  increasing  temperature  (Necker,  1975).  Further- 
more,  altering  the  spinal  cord  temperature  appropriately  effects  thermoregulatory 
responses  in  the  pigeon  (Rautenberg  et  ah,  1972;  Schmidt,  1976  a),  in  the  Adelie  Pen¬ 
guin  (Hammel  et  ah,  1976)  and  also  in  the  Peking  Duck.  Cooling  the  spinal  cord  in  a 
cold  exposed  (Ta  =  —  20  °C)  shivering  penguin  enhanced  shivering  but  did  not  initiate 
shivering  at  warm  ambient  conditions  (Ta  =  +10°C).  Warming  the  spinal  cord  at 
cold  ambient  conditions  inhibited  shivering  and  induced  or  increased  Vasodilatation  in 
a  warm  environment  (Hammel  et  ah,  1976).  The  shivering  response  to  spinal  cord  cool¬ 
ing  was  much  greater  in  the  pigeon  than  in  the  penguin.  Perhaps  this  difference  in  sen- 
sitivity  may  be  attributed  to  differences  in  size  as  is  apparently  the  Situation  in  mammals 
in  which  both  the  spinal  cord  sensitivity  and  the  hypothalamic  sensitivity  are  inversely 
related  to  size. 

Peripheral  core  receptors 

Indirect  evidence  indicates  that  hypothalamic  and  spinal  temperatures  sensitivities 
cannot  explain  the  entire  deep  body  thermoreceptivity  in  birds  and,  thus,  suggests  the 
importance  of  deep  body  thermoreceptors  outside  of  the  central  nervous  System. 
Decreasing  the  core  temperature  by  only  3  °C  caused  a  four-fold  increase  in  the  Vo,  in 
the  penguin  (Hammel  et  ah,  1977),  whereas  a  similar  decrease  in  spinal  temperature 
may  be  only  slightly  stimulating  and  cooling  the  hypothalamus  would  have  the  obverse 
effect.  The  importance  of  core  receptors  outside  the  central  nervous  System  (CNS) 
calls  for  more  careful  investigations  to  ascertain  their  sensitivity  and  location. 

Neural  Network 

In  birds,  as  in  mammals,  the  brainstem  is  essential  for  normal  regulation  of  core  tem¬ 
perature.  Lesions  in  this  tissue  impair  the  responses  to  thermal  stress  (Kanematsu  et  ah. 


Hammel;  The  Controlling  System 


339 


1967,  Levkovsky  et  al.,  1968;  Mills  &  Heath,  1972  b).  Based  on  these  observations 
and  on  the  evaluation  of  deep  body  thermosensitivity  in  birds  we  can  at  best  only  cari- 
cature  the  neural  network  Controlling  the  thermoregulatory  responses.  Furthermore, 
the  effort  is  less  convincing  in  birds  because  the  effects  of  changing  the  brainstem  tem- 
perature  are  weak  and  even  paradoxical.  Referring  again  to  Fig.  1  and  considering  the 
ontogeny  of  each  of  the  many  thermoregulatory  responses,  it  seems  plausible  to  sug- 
gest  that  each  response  may  have  its  own  separate  set  of  neural  elements  from  the 
receptor  to  the  responding  organ.  There  is  increasing  evidence  that  the  characteristics 
of  the  neural  network  which  activates  a  behavioral  response  differ  in  detail  from  the 
network  for  an  autonomic  response  (Cabanac,  1975;  Schmidt,  1978).  Furthermore,  it 
seems  likely  that  each  of  the  different  responses  within  these  two  classes  of  responses 
may  each  differ  m  detail  from  the  others  withm  the  same  dass.  It  does  not  seem  possi- 
ble  to  account  for  the  differences  in  threshold  and  thermal  sensitivity  of  the  many 
responses  based  on  a  single  controllmg  network  for  all  responses.  Therefore,  we  hypo- 
thesize  that  during  the  phylogeny  and  ontogeny  of  the  thermoregulatory  responses,  a 
separate  set  of  neural  elements  may  have  been  assembled  for  different  responses. 

Considering  further  the  neural  elements  as  depicted  in  Fig.  1,  it  is  apparent  that  the 
responses  which  limit  the  rise  in  core  temperature  above  optimal  temperature  must 
have  threshold  temperatures  for  activating  each  response  and  they  must  increase  pro- 
portionally  as  core  temperature  increases.  Likewise,  it  is  apparent  that  those  responses 
which  limit  the  fall  in  core  temperature  must  each  exhibit  their  own  threshold  tempera¬ 
ture  and  must  increase  proportionally  as  core  temperature  decreases.  It  is  conceivable 
that  both  the  cutaneous  and  the  peripheral  core  cold  receptors  exhibit  threshold  activi- 
ties  at  or  near  optimal  temperature  and  increase  activity  with  decreasing  temperature. 
In  birds,  only  the  firing  rates  of  thermoreceptors  in  the  beak  of  pigeons  (Necker,  1972, 
1973)  and  bill  of  ducks  (Gregory,  1973;  Leitner  &  Roumy,  1974)  have  been  investi- 
gated.  Nothing  is  known  about  the  firing  rates  of  core  receptors  which  are  peripheral 
to  the  CNS  in  birds. 

Considering  the  “cool”  and  “warm”  neural  pathways  leading  from  the  peripheral 
cutaneous  and  core  thermoreceptors  to  the  motor  neurons  Controlling  effector  activity, 
we  feel  compelled  to  hypothesize,  Fig.  3,  that  activity  in  the  “warm”  neural  pathway  is 
inhibited  by  activity  in  the  “cold”  neural  pathway;  and  similarly,  activity  in  the  cold 
pathway  is  inhibited  by  the  activity  in  the  warm  pathway.  With  these  crossover  inhibi- 
tions,  it  is  easy  to  imagine  how  the  threshold  temperatures  for  the  antagonistic  warm 
and  cold  responses  are  generated  by  the  neural  network.  It  is  also  easy  to  imagine  how 
the  threshold  temperatures  for  the  warm  responses  are  above  the  optimal  temperatures 
whereas  the  threshold  temperatures  for  the  cold  responses  are  below  the  optimal  tem¬ 
perature  in  varying  degree.  Furthermore,  as  Necker  &  Rautenberg  (1975)  demon- 
strated,  deafferenting  the  cutaneous  input  by  cutting  the  dorsal  roots  in  pigeons  did  not 
lessen  shivering  in  a  cold  environment  compared  with  the  shivering  in  intact  birds. 
However,  the  core  temperature  was  less  in  these  deafferented  pigeons  which  would 
have  stimulated  thermosensitive  spinal  neurons.  We  further  hypothesize  that  the  neural 
network  for  a  thermoregulatory  response  is,  in  essentials,  the  same  for  one  response  as 
for  another  and  is  basically  the  same  in  birds  and  in  mammals.  Of  course,  there  are  dif¬ 
ferences  in  the  details  in  the  network  for  different  birds  as  for  different  mammals.  The 
principle  differences  seem  to  be  in  the  Qio’s  or  temperature  sensitivities  of  the  interneu- 
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rons  in  each  pathway.  There  may  also  be  differences  in  the  proportion  of  warm  and 
cold  peripheral  receptors  amongst  birds  as  well  as  amongst  mammals.  There  may  be 
differences  in  the  extern  of  the  crossover  inhibition  at  lower  levels  in  the  CNS  than  that 
represented  in  Fig.  3.  These  differences  have  not  been  investigated. 

Finally,  we  shall  illustrate  with  one  example  how  the  weak  and  even  paradoxical 
response  to  changing  the  brain  temperature  can  be  explained  in  birds  thus  far  investi¬ 
gated.  To  explain  the  paradoxical  inhibition  of  shivering  in  Fig.  2,  suppose  the  Qio  of 
the  hypothalamic  motor  neuron  which  Controls  shivering  is  very  high.  Thus,  even 
though  that  neuron  is  appropriately  facilitated  by  hypothalamic  cooling  of  all  the  neu- 
rons  in  the  preoptic  and  hypothalamic  nuclei,  as  indicated  in  Fig.  3,  its  firing  rate  will 
be  reduced  due  to  its  very  high  Qio  and  due  to  the  cooling.  Paradoxically  reduced 
vasoconstriction  of  wing  vessels  of  the  penguin  induced  by  hypothalamic  cooling  can 
be  similarly  explained.  Other  weak  and  paradoxical  responses  to  altering  hypothalamic 
temperature  in  birds  may  be  explained  by  considering  the  relative  temperature  sensitivi- 
ties  of  the  neural  elements  in  both  pathways  of  the  regulatory  network. 
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Figure  3.  Hypothetical  neural  networks  for  regulating  body  temperature  in  mammals  and  birds. 


These  investigations  m  birds  have  taught  us  to  be  more  concerned  about  the  Qio  of 
the  effector  neurons  situated  in  the  hypothalamus.  These  effector  neurons  include  not 
only  those  subserving  thermoregulatory  responses,  but  also  those  associated  with 
osmoregulatory  responses  (Hammel  et  ab,  1976;  Simon-Oppermann  et  ab,  1978). 
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Aspects  of  Cardiovascular  Function  in  Birds 

K.  JOHANSEN 


Unlike  the  lung  the  avian  cardiovascular  System  does  not  differ  fundamentally  in  its 
structure  and  function  from  that  of  mammals.  This  does  not  imply  that  the  comparative 
physiologist  interested  in  heart  and  circulation  is  not  challenged  by  conditions  in  birds, 
but  the  challenge  lies  more  in  how  the  cardiovascular  System  subserves  and  adjusts  to 

behavioural  acts  and  environmental  exposure,  which  may  be  specialized  or  accentuated 
in  birds. 

I  will  emphasize  3  areas  in  which  the  performance  of  the  cardiovascular  System  is 
especially  important  and  heavily  taxed  in  birds.  These  are; 

(1)  Cardiovascular  function  during  physical  activity.  In  birds  this  means  above  all 
flight,  but  many  birds  are  also  good  runners,  walkers  and  swimmers. 

(2)  Cardiovascular  adjustment  to  reduced  O2  availability,  a  Situation  confronting 
birds  at  high  altitude  ^s  well  as  habitually  diving  birds. 

(3)  The  role  of  the  cardiovascular  System  in  the  regulation  of  body  temperature. 


Cardiovascular  function  during  physical  activity 

Birds  have  a  higher  heart  weight  in  relation  to  body  size  than  mammals  and  the 
systolic  and  mean  systemic  arterial  blood  pressure  is  higher  and  the  pulmonary  arterial 
pressure  lower.  The  vascular  resistance  in  both  principal  vascular  circuits  are  less  than 
in  mammals  Qones  &  Johansen,  1972).  Among  birds,  good  fliers  may  increase  the  O2 
requirement  12—14  times  during  flight.  For  the  pigeon,  wind  tunnel  experiments  have 
suggested  that  cardiovascular  compensation  may  take  on  4  to  5  times  of  a  10  fold 
increase  in  O2  delivery  (Butler  et  al.,  1977).  The  primary  adjustment  for  increased  cir- 
culatory  transport  m  the  pigeon  was  an  increase  in  heart  rate  rather  than  stroke  volume 
much  like  in  mammals  and  unlike  conditions  in  many  lower  ectotherm  vertebrates. 
Heart  rate  regulation  in  birds  is  held  to  be  particularly  acute  since  the  synergism  of 
negative  (vagal)  and  positive  (sympathetic)  chronotropism  is  equally  balanced  during 
rest,  giving  a  maximum  potential  for  rate  adjustment  (Johansen  &  Reite,  1964).  While 
in  mammals  the  resting  parasympathetic  influence  dominates  the  sympathetic,  birds 
have  a  high  resting  sympathetic  tonus  to  the  heart. 

Hummingbirds  are  likely  to  hold  most  metabolic  records  among  vertebrates.  Heart 
rates  of  1200  •  min  ‘  have  been  recorded  immediately  postflight  in  two  species 
(Lasiewski  et  al.,  1967),  but  even  higher  values  during  flight  are  likely.  The  relative 
heart  rate  change  from  rest  to  exercise  is,  however,  less  in  smaller  birds  (2  x  resting) 
than  in  larger  (3  to  5  x  rest).  Cardiac  Outputs  can  be  estimated  as  high  as 
4770  ml  •  kg  •  min  in  a  10  g  hummingbird  which  is  likely  to  be  5  fold  that  of  a  mouse 
(Berger,  unpublished). 

Fhghtless  birds  must  depend  on  runnmg,  walking  and  swimming  for  locomotion. 
Again  scarcity  of  data  precludes  generalizations.  A  study  employing  telemetry  tech- 
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niques  for  recordings  of  heart  rate,  carotid  and  femoral  blood  flow  in  the  penguins 
Pygoscelis  papua  and  P.  adeliae  (Millard  et  al.,  1973)  showed  that  during  free  roaming 
(running)  heart  rate  doubled  from  90  to  180  beats  •  min  while  femoral  blood  flow 
rose  4  times  the  resting  value.  Mean  systemic  arterial  blood  pressure  increased  from  80 
to  125  mm  Hg  and  femoral  vascular  resistance  decreased  by  70  °/o. 

Swimming  at  the  surface  resulted  in  higher  heart  rates  than  running  on  land  reaching 
about  230  beats  •  min~'.  Femoral  blood  flow  increased  far  less  than  during  running 
which  is  not  surprising  since  swimming  is  powered  principally  by  the  front  flippers. 

Resting  blood  flow  to  skeletal  muscle  in  birds  is  reported  high,  being  3  5  times  the 

resting  values  for  mammals  (Folkow  et  ah,  1966).  This  will  give  birds  a  large  venous  O2 
reserve  for  exercising  muscles  with  less  dependence  on  blood  flow  redistnbution  for 
Swift  changes  in  the  activity  level. 

Circulation  time  from  lungs  to  tissues  is  not  known  for  birds.  For  comparative  pur- 
poses  we  may,  however,  estimate  how  fast  the  entire  circulating  blood  volume  will  pass 
through  the  heart. 

In  a  resting  mouse  (Perognathus  longimemhris)  (BW  8.3  grams)  a  calculation  of  car- 
diac  output  by  the  Fick  principle  and  circulating  blood  volume  as  8  °/o  of  body  weight, 
gives  a  turnover  rate  of  3.5  x  per  minute  for  the  blood  volume  when  assummg  the 
a-v  O2  difference  to  be  10  vol  %.  A  resting  hummingbrid  Colibri  coruscans  of  8  grams 
passes  the  blood  volume  through  the  heart  10  x  per  minute  based  on  the  same  assump- 
tions.  If  we  use  data  on  O2  uptake  during  flight  (Berger,  1974)  and  assume  an 
expanded  a-v  O2  content  difference  of  15  vol  %,  we  get  the  incredible  result  that  the 
hummingbrid  passes  the  entire  blood  volume  through  the  heart  every  second.  A  flying 
pigeon  (Butler  et  ab,  1977)  has  a  corresponding  figure  of  about  30  x  per  minute  or 
2  seconds  for  passage  of  one  blood  volume.  Data  for  an  ostrich  obtained  immediately 
after  running  give  a  value  of  2.4  X  per  minute  or  25  x  slower  blood  passage  than  the 
hovering  hummingbird.  This  in  effect  means  that  the  hummingbird  can  deliver 
25  X  more  O2  to  the  tissues  per  unit  time  compared  to  the  running  ostrich.  The  obvious 
advantage  of  being  small  with  much  shorter  distances  for  blood  to  travel  is  strikingly 
clear  from  this  comparison.  A  circulation  time  of  1  second  for  the  entire  blood  volume 
to  traverse  the  systemic  or  pulmonary  circuit,  invites  questions  as  to  the  kinetics  of  the 
diffusive  and  chemical  reactions  involved  in  gas  exchange  and  transport. 

Cardiovascular  adjustment  to  reduced  O2  availability 

Birds  like  other  vertebrates  inhabit  high  altitudes.  Their  power  of  flight  and  migra- 
tion  routes  across  mountain  ranges  carry  many  species  to  record  altitudes  exceeding 
8000  m.  This  feat  clearly  surpasses  what  mammals  tolerate  even  at  resting  conditions. 
The  cardiovascular  System  must  play  a  part  in  the  success  of  many  birds  to  perform  at 
high  altitudes.  Heart  rate  in  birds  during  hypoxic  breathing  is  kept  dose  to  control 
values  even  at  arterial  PO2  levels  of  37  —  45  mm  Hg.  The  adverse  effects  of  the  pulmo¬ 
nary  hypertension  typically  associated  with  high  altitude  exposure  in  higher  vertebrates 
appears  much  less  in  birds  than  mammals. 

In  a  recent  comprehensive  study  of  pigeons  investigated  at  simulated  altitudes  corre¬ 
sponding  to  4000  m  Bouverot  et  al.  (1976)  showed  a  cardiac  output  50  %  higher  than 
a  calculated  value  for  a  similar  sized  mammal  while  stroke  volume  was  2.75  x  higher. 
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At  such  levels  of  hypoxia,  mammals  typically  have  a  lachycardia  so  great  as  to  encroach 
on  the  stroke  volume  and  give  a  reduced  cardiac  output. 

Diving  birds  generally  practice  short-lasting  (less  than  2  minutes)  and  shallow  dives 
and  thus  have  different  requirements  than  the  typical  diving  mammal  or  reptile. 

Nearly  all  physiological  Information  on  diving  birds  have,  however,  been  obtained 
during  restrained  submersion  usually  by  immersion  of  the  head  only.  Such  information 
may  be  totally  misrepresenting  what  goes  on  in  natural  dives,  which  are  not  only  volun- 
tary  but  are  typically  associated  with  physical  activity  like  swimming  and  foraging. 
Some  birds  like  penguins  (Millard  et  ah,  1973)  likely  have  energy  requirements 
3  4  times  resting  on  land  when  they  perform  their  typical  dives. 

The  apnea  that  must  accompany  submersion  m  the  diving  animal  reflexly  triggers  a 
series  of  cardiovascular  changes  including  a  profound  bradycardia  geared  primarily  to 
redistribute  the  circulating  blood,  resulting  in  reduced  O2  requirements  and  improved 
economy  of  the  O2  Stores.  The  cardiovascular  changes  are  modified  and  modulated  by 
chemo-  and  baroreceptor  influences  as  well  as  by  local  metabolic  factors  as  the  dive 
progresses.  Higher  central  nervous  activity  conditions  the  course  of  the  physiological 
adjustments  to  entry  and  recovery  from  diving  (Jones  &  Johansen,  1972;  Purves, 
1975).  The  greatly  reduced  cardiac  output  during  diving  and  a  nearly  unchanged  blood 
pressure  result  in  a  greatly  increased  systemic  peripheral  resistance.  The  cardiovascular 
adjustments  are  first  of  all  important  by  securing  the  needed  O2  to  Organs  like  the 
brain,  heart  and  some  sensory  and  endocrine  organs,  while  other  organs,  primarily 
skeletal  muscle,  the  gastrointestinal  tract  and  skin  tolerant  of  temporary  O2  deprivation 
are  under-perfused  Qohansen,  1964). 

In  a  recent  study  on  two  species  of  penguins,  Pygoscelis  adeliae  and  P.  papua,  radio- 
telemetry  was  utilized  to  transmit  cardiovascular  information  from  freely  swimming 
animals  (Millard  et  ab,  1973).  During  voluntary  dives,  bradycardia  was  always  evi¬ 
dent,  although  to  a  lesser  degree  than  in  restrained  and  submerged  birds.  Frequently, 
an  anticipatory  increase  in  heart  rate  preceded  emersion  and  breathing,  particularly  to- 
wards  the  end  of  the  longer  breath-holding  periods.  Femoral  arterial  flow  was  reduced 
by  no  more  than  50  %  and  did  not  fall  to  zero  between  beats  as  was  observed  during 
forced  dives.  During  dives,  the  carotid  flow  decreased  although  proportionately  not  as 
much  as  femoral  flow  and  never  below  the  values  recorded  when  the  birds  were  on 
land.  A  rapid  increase  in  carotid  flow,  particularly  by  a  markedly  increased  diastolic 
flow  component,  occurred  promptly  in  anticipation  of  surfacing.  Reduction  in  arterial 
O2  tension  and  concurrent  decrease  in  arterial  p^  were  far  more  pronounced  during 
forced  dives  than  during  voluntary  diving.  Free-dive  studies  on  penguins  suggest  that 
the  quality  of  the  diving  responses  are  in  accord  with  the  responses  to  forced  diving, 
but  the  magnitude  of  the  lauer  indicates  the  need  for  caution  when  discussing  the 
physiological  implications  of  the  responses. 

Cardiovascular  regulation  of  body  temperature 

Among  the  endotherms,  birds  have  the  highest  body  core  temperature  and  a  high 
and  rapidly  changing  metabolism,  calling  for  effective  temperature  regulating  mecha- 
nisms.  The  cardiovascular  System  plays  an  indispensible  role  in  transport,  dissipation  and 
Conservation  of  heat.  In  hot  environments  imposing  a  positive  heat  load,  heat  dissipa- 
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tion  occurs  by  conduction  and  convection  from  the  normally  naked  feet  of  birds  and  by 
evaporative  cooling  from  the  upper  respiratory  tract  during  panting  and  gular  flutter. 
Exposed  to  a  high  radiant  heat  input  birds  may  reduce  heat  entry  by  vasoconstriction 
of  skin  vessels  in  the  naked  feet  and  legs  (heat  vasoconstriction)  (Murrish  &  Guard, 
1974).  Also  in  birds  heat  exchange  between  arterial  and  venous  blood  in  specialized 
vascular  retia  in  the  orbital  circulation  with  vascular  Connections  to  the  brain  as  well  as 
to  the  eye  and  naso-pharyngeal  passages  keep  brain  temperatures  below  the  highest 
core  temperature  during  severe  heat  stress  (Kilgore  et  ah,  1976). 

Severe  cold  exposure  calls  for  regulated  responses  of  the  peripheral  circulation  to 
reduce  heat  loss  by  vasoconstriction  while  the  same  peripheral  tissues  when  in  danger 
of  freezing  must  vasodilate  to  prevent  tissue  damage  and  keep  the  tissues  viable  with 
nerves,  muscles  and  sensory  structures  required  to  function  at  great  variations  in  tissue 
temperature. 

Blood  flow  to  birds’  feet  may  change  in  the  order  of  300  to  400  times  through  the 
agency  of  closing  or  opening  the  a-v  anastomoses  serving  as  bypasses  of  the  nutritional 
capillaries  of  the  leg  tissues.  Their  10  times  greater  diameter  and  investment  in  muscu- 
lar,  richly  innervated  vessel  walls,  offer  structural  basis  for  the  highly  variable  flow. 

A  high  blood  flow  is  needed  for  dissipation  of  heat  in  heat  stressed  birds.  When 
ambient  conditions  are  conducive  to  heat  dissipation  by  conduction  and  convection  the 
a-v  anastomoses  dilate  and  the  massive  increase  in  blood  flow  is  directed  through  these 
low  resistance  shunts  and  channeled  back  to  the  central  venous  circulation  in  superfi¬ 
cial  skin  veins  where  continued  heat  loss  may  occur.  At  such  times  little  blood  flow  is 
directed  back  from  the  feet  through  discrete  rete  mirabile,  or  through  less  specialized 
arteriovenous  associations  (Frost  et  al.,  1975).  The  retia  and  the  arteriovenous 
associations  function  as  counter  current  heat  exchangers  when  heat  Conservation  is 
called  for  by  precooling  arterial  blood  and  rewarming  the  venous  return  to  prevent 
heat  loss. 

Temporal  high  blood  flow  to  the  naked  feet  of  birds  may  occur  on  severe  cold  expo¬ 
sure  when  these  tissues  are  in  danger  of  being  damaged  by  freezing.  Such  blood  flow 
securing  prevention  of  freezing  while  retaining  viability  of  the  tissues  is  also  controlled 
by  a-v  shunt  flow  (Johansen  &  Millard,  1973).  In  regards  to  control  mechanisms  Con¬ 
sensus  is  present  to  the  effect  that  an  active  neurogenic  vasodilatory  mechanism  exists 
to  specialized  skin  areas  of  some  birds.  Studies  on  birds  from  temperate  regions  have 
yielded  results  suggesting  an  alternative  control  mechanism.  Based  on  perfusion  of 
intact  or  isolated  duck  feet,  Millard  &  Reite  (1975)  and  Reite,  Millard  &  Johansen 
(1977)  presented  results  to  show  that  sympathetic  nervous  control  is  absent  or  weak  in 
the  web  of  the  foot  at  temperatures  below  8°C.  Any  Stimulus  increasing  the  levels  of 
adrenaline  and  noradrenaline  in  the  blood  or  causing  a  general  increase  in  sympathetic 
vasoconstrictor  nerve  activity  produced  vasoconstriction  mainly  if  not  only  in  the 
warmer  tissues.  The  resulting  rise  in  blood  pressure  caused  a  blood  flow  increase  in  the 
distal  part  of  the  ice-water  immersed  foot.  This  mechanism  for  local  blood  flow 
increase  is  not  operable  in  warm  tissues  where  vasoconstriction  will  affect  the  resist¬ 
ance  along  the  entire  foot  vasculature.  The  usefulness  of  Controlling  blood  flow 
through  cold-exposed  tissues  without  depending  on  local  control  mechanisms  is  obvi- 
ous.  A  locally  induced  vasoconstriction  at  low  temperatures  could  be  so  long-lasting 
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that  damage  might  follow.  The  only  alternative  would  be  to  have  an  additional  local 
vasodilating  mechanism  like  that  demonstrated  for  polar  birds. 

The  legs  of  birds  are  also  essential  as  heat  dissipators  during  the  increased  heat  pro- 
duction  of  flight  or  other  physical  activity.  In  one  study  direct  measurement  of  leg 
blood  flow  during  flight  of  herring  gulls  (Baudinette  et  ab,  1976)  it  was  shown  that 
80  %  of  the  total  heat  production  during  flight  was  lost  from  the  feet.  In  birds  evapo- 
rative  cooling  occurs  by  panting  or  gular  flutter  (Richards,  1970).  One  important 
aspect  of  panting:  the  magnitude  and  control  of  blood  flow  to  the  evaporating  surfaces 
have  not  earlier  been  reported  on. 

In  preliminary  studies  carotid  blood  flow  in  ducks  could  increase  4  —  5  times  while 
heart  rate  remained  unchanged,  but  breathing  rate  increased  20  times  or  more.  This 
blood  flow  Change  was  clearly  related  to  the  change  in  rate  of  breathing  and  is  most 
certainly  related  to  transportation  of  heat  to  the  evaporating  surfaces  of  the  upper 
respiratory  tract  in  the  panting  bird. 
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Functional  Anatomy  of  the  Respiratory  System 

Hans-Rainer  Duncker 


Introduction 

The  avian  respiratory  System  is  unique  among  vertebrates  with  its  differentiation  into 
the  rigid  lung  for  gas  exchange  and  the  air  sacs  for  Ventilation  of  the  lungs.  This  differ¬ 
entiation  depends  on  the  subdivision  of  the  body  cavity  by  septa.  This  structural  and 
functional  specialization  in  birds  is  derived  phylogenetically  from  the  heterogeneous 
lung  of  higher  evolved  reptiles  and  the  constant  related  coelomic  subdivision  of  a  pleu¬ 
ral  cavity  (Duncker,  1978  a,  c,  d).  In  the  multicameral  lung  the  chambers  originate 
from  one  intrapulmonary  bronchus,  often  in  three  rows,  the  dorsal  and  medial  ones 
being  highly  partitioned  with  a  large  exchange  surface,  whereas  the  ventral  and  lateral 
chambers  possess  a  larger  exchange  surface  only  near  the  bronchus,  the  distal  portions 
being  extended  mto  dilatations  for  primarily  non-respiratory  functions.  These  lungs  are 
fused  with  the  thoracic  body  wall  and  with  the  postpulmonary  septum  which  separates 
the  pleural  from  the  peritoneal  cavity. 

Body  cavity  subdivision  and  topography  of  lung  and  air  sacs 

The  avian  pleural  cavity  lies  in  the  dorsal  thorax,  extended  so  far  dorsally  beneath 
the  transverse  processes  of  the  vertebral  bodies  that  the  ribs  incise  deeply  mto  the  dor¬ 
sal  part  of  the  cavity  and  the  lungs.  The  dorsolateral  wall  of  the  cavity  is  formed  by  the 
ribs  and  the  intercostal  musculature,  the  medial  wall  by  the  vertebral  bodies  and  their 
ventral  processes,  and  the  ventral  wall  by  the  horizontal  septum  (Duncker,  1971, 
1980).  This  septum  is  derived  from  the  postpulmonary  septum  of  reptiles,  which  is  split 
in  embryological  development  by  mvasion  of  the  air  sacs  into  the  horizontal  septum 
ventral  to  the  lungs  and  by  the  oblique  septum  which  separates  the  air  sacs  from  the 
intestines  (Duncker,  1978  b).  The  horizontal  septum  at  its  lateral  margin  contains  the 
Mm.  costoseptales,  derived  from  the  intercostal  musculature.  These  muscles  dilate  in 
the  inspiratory  phase  and  contract  during  expiration  (Soum,  1896;  Fedde  et  ah,  1964), 
thus  compensating  for  volume  changes  of  the  pleural  cavity  which  are  already  very 
small  due  to  the  extreme  dorsal  position.  The  lung  is  fused  with  the  walls  of  pleural 
cavity,  guaranteeing  the  volume-constant  extension  in  both  respiratoiy  phases. 

The  subpulmonary  cavity,  which  is  not  a  coelomic  subdivision  (Duncker,  1980),  is 
lined  laterally  by  the  body  wall  and  medially  by  the  oblique  septum,  and  is  ventrally 
fixed  at  the  Sternum  near  its  lateral  margin.  Only  in  song  birds  the  oblique  septa  of 
both  sides  are  united  above  the  Sternum,  forming  a  sac-like  cavity  for  the  liver  and 
esophagus.  The  subpulmonary  cavity,  lateral  and  behind  the  pericardial  cavity,  is 
occupied  by  the  cranial  thoracic  air  sac,  and  further  caudally  by  the  caudal  thoracic  air 
sac  which  extends  caudally  to  varying  degrees  in  different  families  thus  displacing  the 
fixation  of  the  oblique  septum  to  the  lateral  abdominal  wall  caudally.  The  subpulmo¬ 
nary  cavity  extends  secondarily  cranial  to  the  pericardium  by  the  development  of  the 
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unpaired  clavicular  and  the  cervical  air  sacs.  In  contrast  to  both  thoracic  air  sacs,  which 
alone  entirely  fill  the  posterior  subpulmonary  cavity,  the  clavicular  and  cervical  air  sacs 
Surround  the  esophagus,  the  trachea  and  its  muscles,  nerves  and  vessels.  The  latter  are 
fixed  to  the  walls  of  the  air  sacs  by  thin  membranes,  which  remained  between  the  out- 
growing  air  sacs  or  their  single  diverticula. 


The  abdominal  air  sac  is  the  only  air  sac  located  outside  the  subpulmonary  cavity, 
with  One  exception  found  in  kiwis  in  which  it  represents  the  most  caudal  air  sac  in  the 
subpulmonary  cavity.  At  the  caudal  lung  margin  the  ostium  of  the  abdominal  air  sac 
penetrates  the  non-split  horizontal  and  oblique  septa,  and  the  air  sac  spreads  out  in  the 
dorsal  peritoneal  cavity.  In  most  birds,  the  wall  of  the  abdominal  air  sac  is  fused  with 
the  dorsal  and  dorsolateral  body  wall  covering  the  kidneys  and  the  testes,  but  not  the 
left  ovary  m  females,  except  in  penguins  and  rheas  which  show  very  limited  areas  of 
fusion.  From  this  area  of  adhesion  the  very  extensive  but  thin  wall  of  the  air  sac  spreads 
between  the  loops  of  the  intestine.  This  is  in  contrast  to  the  air  sacs  in  the  subpulmo¬ 
nary  cavity,  the  walls  of  which  are  totally  fused  with  the  cavity  walls  or  the  structures 
which  are  surrounded  by  them.  This  is  due  to  the  fact  that  the  subpulmonary  cavity  is 
not  a  coelomic  cavity,  originating  only  by  the  Splitting  of  the  postpulmonary  septum. 


The  bronchial  System  of  the  paleopulmo 

Immediately  after  penetratmg  the  horizontal  septum,  the  primary  bronchus  gives  off 
the  four  medioventrobronchi  (abbreviated:  ventrobronchi)  which  ramify  and  spread  on 
the  ventral  lung  surface  directly  above  the  horizontal  septum  up  to  the  cranial  and 
medial  lung  margin  where  they  bend  onto  the  dorsolateral  or  medial  lung  surface. 
After  reachmg  the  dorsolateral  lung  surface  without  further  bronchial  branchmg,  the 
primary  bronchus  gives  off  dorsally  the  seven  to  ten  mediodorsobronchi  (dorsobron- 
chi)  on  its  dorsally-arched  course  towards  the  caudal  lung  margin.  The  openings  of  the 
dorsobronchi  are  oriented  caudally  and  the  first  four  or  five  are  closely  located  one 
above  the  other  so  that  only  thin,  but  rigid  membranes  separate  their  openings.  The 
first  dorsobronchi  ramify  repeatedly  but  decreasing  regularly  to  the  last  bronchus 
which  is  without  branches.  They  spread  at  the  dorsolateral  lung  surface  and  bend  onto 
the  medial  lung  surface  and  at  the  caudal  lung  margin.  Opposite  the  dorsobronchi,  the 
lateroventrobronchi  (laterobronchi)  originate  from  the  primary  bronchus  with  their 
openings  also  directed  caudally.  The  first  laterobronchus  is  large  and  opens  into  the 
posterior  thoracic  air  sac;  a  few  smaller  ones  He  at  the  lung  surface  beneath  the  primary 
bronchus.  The  walls  of  the  ventro-  and  dorsobronchi  are  very  thin,  lacking  consider- 
able  amounts  of  smooth  musculature  and  being  free  of  any  cartilage.  They  would  col- 
lapse  without  adhesion  to  the  walls  of  the  pleural  cavity.  The  primary  bronchus  is  sup- 
ported  by  cartilage  half  rings  only  up  to  the  origins  of  the  ventrobronchi.  The  further 
wall  up  to  the  caudal  lung  margin  as  well  as  the  large  laterobronchus  possess  only  lon¬ 
gitudinal  and  well  developed  circular  musculature. 

The  long  parabronchi  originate  in  large  numbers  from  the  entire  internal  surface  of 
the  ventro-,  dorso-  and  laterobronchi.  Those  from  the  ventrobronchi  run  towards 
parabronchi  from  the  dorso-  and  laterobronchi,  anastomosing  in  a  median  plane 
between  them,  always  one  parabronchus  with  two  or  three  from  the  other  side.  In  most 
species  the  parabronchi  possess  interconnections  immediately  after  their  origin  from 
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the  secondary  bronchi.  Thus,  the  first  and  second  ventrobronchi  are  connected  with 
the  first,  second  and  part  of  the  third  dorsobronchi,  whereas  the  following  dorsobron- 
chi  and  the  small  laterobronchi  are  connected  to  the  third  and  fourth  ventrobronchi. 
The  parabronchi  are  oriented  more  perpendicular  in  the  anterior  part,  but  more  ob¬ 
lique  from  dorsolateral  to  medioventral  in  the  posterior  part  of  the  lung,  thus  maintain- 
ing  the  same  length  between  the  secondary  bronchi  throughout  the  lung.  This  “paleo- 
pulmo”  (Duncker,  1971)  is  found  in  all  birds.  The  A.  pulmonalis  enters  the  lung  hilus 
cranial  to  the  primary  bronchus  and  ramifies  between  the  parabronchi,  supplying  all 
parabronchi  with  a  large  number  of  arterioles  equally  over  their  entire  length 
(Duncker,  1974).  The  venules  originate  in  a  similar  way  from  the  parabronchi,  col- 
lected  by  branches  of  the  V.  pulmonalis  which  leaves  the  lung  hilus  behind  the  primary 
bronchus. 


The  air  sac  Connections  of  the  lung 

The  anterior  air  sacs  are  connected  to  ventrobronchi:  the  cervical  air  sac  to  a  cranial 
branch  of  the  first  ventrobronchus,  and  the  unpaired  clavicular  and  the  anterior  tho¬ 
racic  air  sacs  medial  to  the  lung  hilus  to  a  short,  branched  stem  out  of  the  proximal 
third  ventrobronchus.  Additionally,  these  lauer  two  air  sacs  possess  ostia  at  the  lung 
margin  lateral  to  the  hilus.  These  ostia  open  into  the  parabronchial  net,  which  is  con¬ 
nected  to  the  lateral  branches  of  the  first  and  second  and  to  the  fourth  ventrobronchi. 
Direct  branches  of  the  ventrobronchi  to  the  lateral  ostia  only  exist  in  a  few  families.  In 
contrast,  the  posterior  air  sacs  are  connected  directly  to  the  posterior  primary  bron¬ 
chus.  The  posterior  thoracic  air  sac  is  connected  by  the  first  and  large  laterobronchus, 
and  the  primary  bronchus  opens  at  the  caudal  lung  margin  into  the  abdominal  air  sac. 

The  respiratory  movements  induce  volume  changes  which  act  on  the  air  sacs  simul- 
taneously.  By  the  special  arrangement  of  the  secondary  bronchi  originating  from  the 
primary  bronchus  as  well  as  of  the  air  sac  Connections  an  unidirectional  flow  of  air 
through  the  paleopulmo  is  generated  aerodynamically.  This  flow  pattem  was  first 
described  by  Hazelhoff  (1943);  it  has  been  confirmed  using  different  methods  by 
Scheid  &  Piiper  (1971),  Scheid  et  al.  (1972),  Bretz  &  Schmidt-Nielsen  (1971), 
Brackenbury  (1971)  and  Bouverot  &  Dejours  (1971),  and  is  discussed  by  Scheid  (this 
Symposium). 


The  neopulmo  and  its  connections 

Only  in  some  birds  does  the  paleopulmo  make  up  the  entire  lung,  e.g.  in  emus  and 
penguins.  In  most  birds  an  additional  connection  from  the  primary  bronchus  to  the 
posterior  air  sacs  by  a  parabronchial  net  has  been  developed.  This  is  very  small  in  storks 
and  cranes,  somewhat  larger  in  gulls  and  ducks  and  most  extensive  in  galliform  and 
song  birds.  Several  parabronchi  originate  from  the  lateral  side  of  the  primary  bronchus, 
the  proximal  dorsobronchi  and  the  laterobronchi,  interconnecting  into  a  meshwork 
which  opens  laterally  into  the  ostia  of  the  posterior  thoracic  and  abdominal  air  sacs. 
These  ostial  openings  can  be  elongated  as  saccobronchi  in  some  species.  When  this 
“neopulmo”  (Duncker,  1971,  1972  a)  is  developed  extensively,  as  in  galliform  and 
song  birds,  it  totally  Substitutes  for  the  connection  of  the  primary  bronchus  to  the 
abdominal  air  sac.  In  contrast,  the  posterior  thoracic  air  sac  always  maintains  its  large 
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laierobronchus  in  addition  to  its  neopulmonal  connection.  The  air  sac  ostium  has  been 
separated  in  song  birds  from  that  of  the  neopulmo.  The  air  flow  through  the  neopulmo 
alters  its  direction  according  to  the  respiratory  phase,  in  contrast  to  the  paleopulmo.  As 
yet  unknow  is  the  exact  route  of  the  air  through  the  anterior  part  of  a  highly  developed 
neopulmo  which  by  a  secondary  Substitution  of  the  lateral  branch  of  the  first  dorso- 
bronchus  attained  a  connection  to  the  lateral  ostia  into  the  clavicular  and  anterior  tho¬ 
racic  air  sacs. 

The  parabronchi  and  their  air  capillary  -  blood  capillary  meshwork 

The  parabronchi  are  long  tubes  with  open  Connections  at  both  ends  with  the  second¬ 
ary  bronchi  or  air  sac  ostia.  Their  lumen,  200  —  500  |im  m  diameter,  is  hned  by  an 
interconnected  circular  or  hexagonal  meshwork  of  smooth  muscle  bundles.  These  bun¬ 
dles,  100  300  |im  apart,  surround  the  atria  which  are  100  —  300  jim  deep,  and  which 

are  separated  from  one  another  by  very  thin  septa.  In  these  septa  and  around  the  mus¬ 
cle  bundles  elastic  fibers  are  abundant,  but  are  lackmg  m  the  further  parabronchial 
wall.  The  well  innervated  muscles  and  the  elastic  fibers  form  a  functional  System  for 
varying  the  luminal  diameter.  From  the  peripheral  side  of  each  atrium  a  few  funnel- 
shaped  infundibula  originate,  running  radially  into  the  200  —  500  pm  thick  parabron¬ 
chial  mantle  and  giving  off  over  their  entire  length  several  air  capillaries,  ranging  from 
3  to  10  pm  wide  in  different  species.  They  surround  the  blood  capillaries,  forming  a 
three  dimensional,  interconnected  meshwork.  The  blood  capillaries  originate  from  the 
arterioles  in  the  interparabronchial  septa  in  great  numbers  at  short  intervals,  running, 
slightly  curved,  towards  the  parabronchial  lumen.  Here  they  are  collected  beneath  the 
atria  by  small  venules,  which  are  dramed  by  small  vems  into  the  interparabronchial 
veins.  The  blood  capillaries  in  the  parabronchial  wall  lack  interconnections  as  in  the 
capillary  nets  of  reptilian  or  mammalian  lungs.  The  blood  capillaries  are  intermingled 
with  the  air  capillaries,  making  up  the  exchange  surface,  which  is  regularly  more  than 
ten  times  that  of  an  equal  volume  unit  in  the  lung  of  a  mammal  of  comparable  body 
size  (Duncker,  1973). 

The  blood  capillary  -  air  capillary  meshwork  is  only  existent  in  a  rigid,  volume  con- 
stant  lung.  The  diameter  of  the  air  capillaries  is  so  small  that  the  radius-dependent  sur¬ 
face  tension  is  much  higher  than  in  mammalian  alveoli.  The  well  developed  “surpellic 
film”  (Pattle,  1978)  reduces  the  surface  tension,  but  only  to  such  a  degree  that  no 
transsudation  of  serum  out  of  the  blood  capillaries  can  occur.  If  the  lung  were 
volume-variable,  the  air  capillaries  would  collapse  and  could  not  be  re-inflated.  Only 
the  lumina  of  the  parabronchi  are  ventilated  by  the  respiratory  air  flow.  In  the  atria  and 
in  the  air  capillaries  gases  are  exchanged  by  diffusion  only  which  may  be  the  limiting 
factor  for  the  maximal  thickness  of  the  blood  capillary  -  air  capillary  network,  which  in 
no  species  exceeds  500  jim.  Even  in  the  largest  birds  the  total  parabronchial  diameter  is 
maximally  2  mm.  In  smaller  and  very  active  birds  the  parabronchial  diameter  decreases 
with  a  strong  reduction  of  the  atrial  zone,  but  parabronchi  smaller  than  500  )im  are  not 
found. 

The  developmental  conditions  of  the  lung 

The  air  capillaries  depend  on  the  rigid  lung  structure  also  at  the  moment  of  hatching. 
They  cannot  be  inflated.  One  to  three  days  before  hatching,  according  to  the  incuba- 
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tion  length,  the  embryo  ingests  the  amnion  fluid  and  breaks  the  membrane  of  the  air 
space,  aerating  the  amnion  and  initiating  regulär  respiratory  movements.  Thus,  the  air 
sacs  and  the  bronchial  System  including  the  tubulär  parabronchi  are  aerated.  At  this 
time  all  secondary  bronchi  and  parabronchi  according  to  their  number  and  position  as 
found  in  adults  are  developed  (Duncker,  1972  b,  1978  b).  Under  air  respiration  the 
first  layer  of  air  capillaries  develops  around  the  growing  blood  capillaries,  making  up 
the  first  respiratory  exchange  network,  relatively  thin  in  altritial  and  thicker  in  preco- 
cial  birds.  At  the  beginning  of  the  air  capillary  development  the  gas  exchange  is  fully 
maintained  by  the  chorioallantoic  membrane,  increasingly  taken  over  by  the  developing 
lung  until  the  embryo  hatches.  For  the  development  of  the  functional  capability  of  the 
lung  this  overlap  of  chorioallantoic  function  and  respiration  of  air  is  necessary,  and 
therefore  birds  could  not  develop  viviparity  in  phylogeny  because  of  the  highly  compli- 
cated  structure  of  their  respiratory  System. 
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Ventilation  and  Gas  Exchange  in  the  Lung 
Peter  Scheid 
Introduction 

The  structure  of  the  avian  respiratory  System  is  markedly  different  from  that  of 
other  vertebrates,  particularly  from  the  well-studied  mammalian  alveolar  lung.  The 
most  conspicuous  differences  are  (1)  the  Segregation  of  the  gas  exchanging  parabron- 
chi  from  the  air  sacs  which  like  bellows  provide  the  ventilatory  flow;  and  (2)  the  struc¬ 
ture  of  the  parabronchi  as  long  tubes,  open  at  both  ends,  and  contacted  by  blood  capil- 
laries  all  along  their  length.  These  structural  pecularities  are  complemented  by  func- 
tional  characteristics,  which  pertain  to  both  Ventilation  and  gas  exchange  in  the  avian 
lung,  and  some  recent  advances  in  these  areas  shall  be  briefly  discussed  in  this  paper. 

Ventilation  of  the  lung 

Direction  of  ventilatory  flow  through  the  parabronchial  lung 

In  birds,  like  in  most  land-dwelling  vertebrates,  ventilatory  gas  flow  is  provided  by 
the  action  of  respiratory  muscles,  expanding  and  compressing  the  rib  cage  and  the 
underlying  compliant  tissue  of  the  respiratory  System,  which  thus  constitutes  a  recipro- 
cating  pump  for  convective  air  movement  in  and  out  the  bronchial  arrangement.  In 
mammalian  lungs  the  alveoli  constitute  a  dead-end  for  this  ventilatory  air  flow,  and  it  is 
thus  evident  that  the  direction  of  air  flow  in  the  bronchi  must  be  reciprocating  in  inspi- 
ration  and  expiration.  The  avian  parabronchi,  however,  are  tubes  which  are  open  at 
both  ends  and  thus  offer  the  possibility  of  flow  in  either  direction.  It  has  accordingly 
long  been  debated  (1)  if  there  is  parabronchial  gas  flow  during  both  respiratory  phases, 
inspiration  and  expiration;  and  (2)  in  which  direction  this  flow  passes  through  the  para¬ 
bronchi  (cf.  Sturkie,  1965;  Scheid  &  Piiper,  1971;  Purer  &  Scheid,  1973). 

The  controversial  arguments  had  all  been  based  on  rather  indirect  experimental 
approaches  and  observations  until  it  recently  became  possible  to  measure  the  air  flow 
direction  with  small  flowmeter  probes  inserted  into  the  bronchial  System  of  spontane- 
ously  ventilating  birds  (cf.  Purer  &  Scheid,  1973).  The  results  of  various  independent 
groups  have  unanimously  shown  that  in  the  mediodorsal  secondary  bronchi  (MD)  air 
flows  during  both  inspiration  and  expiration  and  that  the  direction  of  this  flow  is  the 
same  in  both  respiratory  phases,  viz.  from  the  main  bronchus  (Mb)  towards  the  para¬ 
bronchi.  Hence,  the  parabronchial  lung  is  ventilated  in  the  same  direction  in  both  inspi¬ 
ration  and  expiration  (unidirectional  Ventilation). 

Although  this  finding  settled  the  controversy  between  the  bidirectional  flow  theory 
of  Zeuthen  (1942)  and  the  unidirectional  hypothesis  of  Hazelhoff  (1943),  it  remained 
unresolved  if,  on  inspiration,  gas  that  had  passed  the  bronchi  from  MD  towards  the 
medioventral  secondary  bronchi  (MV)  would  recirculate  and  admix  with  the  gas  flow 
in  Mb.  By  continuously  monitoring  the  gas  concentrations  along  Mb  and  MV  in  spon- 
taneously  breathing  ducks,  we  have  recently  provided  evidence  that  there  is  no  gas  flow 
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during  Inspiration  between  MV  and  Mb  indicating  a  complete  valving  at  the  orifice  of 
MV  into  Mb  (unpublished). 


Figure  1  Diagram  on  air  flow  pattem  in  the  avian  respiratory  System  during  inspiration  and  expi- 
ration.  Still  unknown  is  whether  air  flows  in  expiration  in  the  main  Bronchus  between  the  origins 

of  the  secondary  Bronchi  (Broken  arrow). 

Figure  1  shows  schematically  the  pattem  of  air  flow  in  avian  lungs  on  inspiration  and 
expiration.  The  only  site  in  the  bronchial  System  at  which  air  flow  has  not  yet  been  ade- 
quately  investigated  is  the  part  of  Mb  between  the  orifices  of  MV  and  MD.  It  remains 
thus  open  if  during  expiration  there  exists  air  flow  in  this  region  or  if  all  flow  from  the 
caudal  air  sacs  is  directed  out  via  MD  and  the  parabronchi. 

Mechanisms  responsible  for  rectification  of  ventilatory  flow 

It  is  tempting  to  assume  anatomical  valves  that  provide  the  unidirectional  parabron¬ 
chial  gas  flow  and  the  absence  of  flow  across  the  orifices  of  MV  during  inspiration. 
However,  such  valves  have  never  been  described.  In  fact,  Scheid  &  Piiper  (1971)  have 
shown  that  MD  gas  flow  remains  unidirectional  in  pump  ventilated  relaxed  animals, 
and  also  post  mortem.  Further  experiments  (Scheid  et  ah,  1972;  Brackenbury,  1971, 
1972)  suggest  that  the  anatomical  arrangement  within  the  bronchial  System  allows  aer- 
odynamical  mechanisms  to  act  on  gas  flow.  However,  the  subject  is  not  yet  fully  under- 
stood. 


Gas  exchange  in  the  parabronchial  lung 

The  route  along  which  gases  exchange  between  the  parabronchial  air  and  the  pul¬ 
monary  capillary  blood  may  be  subdivided  into  several  different  Steps.  The  O2  is 
brought  into  the  parabronchial  lumen  by  convective  movement  of  the  tidal  air.  Diffu¬ 
sion  in  the  gas  phase  of  the  air  capillaries  is  the  only  mechanism  by  which  O2  will  be 
transported  to  the  blood-gas  separating  membrane,  which  is  traversed  by  diffusion  in 
the  liquid  phase  as  is  the  plasma  and  erythrocyte  until  O2  reaches  its  destination,  the 
hemoglobin  molecule.  For  CO2,  the  same  Steps  are  taken  in  the  reverse  direction.  A 
model  of  the  parabronchus  is  depicted  in  Figure  2. 

We  will  first  neglect  the  diffusion  resistance  in  the  air  capillaries  and  later  consider 
its  effect  on  gas  exchange.  We  will  further  assume  that  the  lung  is  functionally  homo- 
geneous  so  that  a  single  parabronchus  is  representative  of  the  total  assembly. 
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The  cross-current  System  of  parabronchial  gas  exc hange 

The  essential  structural  and  functional  elements  of  the  parabronchus  that  have  to  be 
considered  for  gas  exchange  are  the  parabronchial  lumen,  with  gas  moving  through, 
and  a  gieat  number  of  blood  capillaries  which  contact  an  only  short  part  of  the  para¬ 
bronchus  at  different  sites  along  its  length.  The  blood  capillaries  are  thus  arranged  in 
paiallel  whereas  the  gas  flowing  through  the  parabronchial  lumen  meets  these  capillar¬ 
ies  in  serial  Order.  Hence,  the  parabronchus  is  a  serial-multicapillary  System.  The  term 
cross-current  System  has  also  been  used  smce  the  directions  of  gas  and  blood  flows  in 
the  contact  region  cross  each  other.  Figure  2  shows  a  typical  profile  of  the  partial  pres¬ 
sure  of  O2,  in  the  parabronchial  gas,  the  Pq^  declining  as  air  moves  through  the 
parabronchus  and  O,  is  taken  up  by  the  blood.  Hence,  the  blood  leaving  the  capillaries 
is  better  oxygenated  at  the  initial  parts  of  the  parabronchus,  where  the  P02  is  still  high, 
than  at  its  end. 


Figure  2  Cross-current  model 
for  parabronchial  gas  exchange. 
Top,  diagram  of  a  parabronchus 
with  air  capillaries  and  blood 
capillaries.  Density  of  stippling 
indicates  the  concentration  of 
O2  in  lung  gas  and  blood,  which 
is  also  shown  by  the  Pq^  profiles 
(below). 


For  the  arterial  blood,  which  constitutes  a  mixture  from  all  capillaries,  the  Pqj  *^^7 
exceed  the  level  in  end-parabronchial  gas  (Fig.  2,  below).  This  overlap  of  Pqj  ranges  in 
blood  and  gas  can  never  be  achieved  for  alveolar  lungs  of  mammals,  where  the  best  is 
an  equilibrium  in  Pq^  between  alveolar  gas  and  arterial  blood.  The  overlap  reflects  in 
fact  the  high  gas  exchange  efficiency  of  the  cross-current  System  of  avian  lungs,  which 
means  that  for  given  Ventilation,  blood  flow  and  diffusing  capacity,  the  avian  lung  can 
transfer  more  O2  to  the  blood  than  can  the  alveolar  lung. 

The  overlap  of  gas  and  blood  partial  pressures  is  particularly  prominent  for  CO2, 
and  it  is  a  common  experimental  finding  that  end-expired  exceeds  arterial  Pco2-  The 
recent  observation  of  expired  Pco2  exceeding  even  the  mixed-venous  level  in  spontane- 
ously  breathing  birds  can  be  explained  by  the  peculiar  role  played  by  the  Haldane 
effect  in  the  cross-current  System  (Meyer  et  ah,  1976). 
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Scheid  et  al.  (1978)  have  experimentally  determined  the  diffusing  capacity  of  the 
blood-gas  membrane  in  resting  ducks.  Their  value  is  similar  to  that  expected  for  a 
mammal  of  similar  size  or  metabolism.  Their  results  also  show  a  remarkable  functional 
homogeneity  between  parabronchial  units. 

Transport  of  gases  in  the  air  capillaries 

In  many  species  the  air  capillaries  are  blind-ending  tubules  leaving  thus  diffusion  as 
the  only  mechanism  for  gas  transport  in  their  gas  phase.  However,  even  in  those  species 
in  which  the  air  capillaries  of  neighboring  parabronchi  communicate,  there  is  hkely  to 
be  no  pressure  head  that  would  drive  a  convective  flow  of  gas  through  the  capillaries. 
Thus  the  assumption  of  diffusion  as  the  sole  mechanism  for  gas  transport  inside  the  air 
capillaries  seems  well  justified. 

Zeuthen  (1942)  and  Hazelhoff  (1943)  have  concluded  from  model  calculations 
that  the  air  capillaries  offer  no  appreciable  diffusive  resistance  to  gas  transfer.  Their 
models  may,  however,  be  criticized  as  unrealistic  and  the  results  derived  may  thus  be 
questioned  (Scheid,  1978).  The  arrangement  of  blood  flow  past  the  air  capillaries  bears 
similarities  with  the  counter-current  System  m  which  two  media  with  opposite  flow 
directions  reach  gas  exchange  contact.  In  the  air  capillaries,  however,  only  blood  flow 
is  convective  whereas  gas  transport  is  diffusive.  Scheid  (1978)  has,  therefore,  used  the 
term  countercurrent-like  System.  He  has  calculated  the  hmitation  offered  to  gas 
exchange  by  the  air  capillaries.  His  conclusion  is  that  during  rest,  the  transport  ot 
neither  Oj  nor  CO2  is  appreciably  limited  by  diffusion  within  the  air  capillaries.  The 
limitations  reside  rather  in  Ventilation  and  perfusion  of  the  lung  and,  particularly  for 
O2,  in  membrane  diffusion.  During  increased  metabolic  rates,  however,  as  would  be 
expected  during  flight,  the  diffusive  resistance  inside  the  air  capillaries  may  not  be  neg- 
lected.  Experimental  results  to  test  these  calculations  are  still  lacking. 


Air  flow  direction  and  gas  exchange 

From  the  standpoint  of  gas  exchange,  there  is  no  apparent  need  for  the  rectification 
of  parabronchial  gas  flow  in  birds,  since  the  gas  exchange  efficiency  in  the  counter¬ 
current  model  is  insensitive  to  gas  flow  direction  (Scheid  &  Piiper,  1972).  It  is  possible 
that  this  flow  pattem  is  of  significance  for  other  Systems.  For  example,  the  intrapul- 
monary  CO2  receptors  which  affect  respiration  (cf.  Fedde,  this  Symposium)  reside 
mainly  at  the  caudal  ends  of  the  parabronchi  and  thus  receive,  during  both  phases  of 
respiration,  the  gas  that  enters  the  parabronchus.  It  may  be  of  significance  for  these 
receptors  to  be  kept,  during  the  entire  respiratory  cycle,  at  a  low  level  of  Pco2  where 
their  CO2  sensitivity  is  high. 
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Are  Avian  Intrapulmonary  Chemoreceptors  Involved  in  the  Control 

of  Breathing? 

M.  R.  Fedde,  J.  P.  Kiley  and  W.  D.  Kuhlmann 

Introduction 

Many  recent  advances  have  been  made  in  elucidating  the  mechanisms  involved  in  the 
control  of  breathing  in  birds.  Most  studies  have  been  on  birds  at  rest,  both  anesthetized 
and  unanesthetized,  but  some  studies  on  changes  in  respiratory  pattem  in  flying  birds 
have  been  reported.  This  review  attempts  to  summarize  evidence  on  involvement  of 
recently  discovered  intrapulmonary  chemoreceptors  (IPCs)  in  Controlling  avian  respi- 
ration. 


Early  observations  relating  to  IPC  action  in  birds 

In  1881,  Bieletzky  demonstrated  that  apnea  quickly  occurred  when  a  steady  stream 
of  air  was  passed  into  the  trachea,  through  the  lungs,  and  out  to  the  atmosphere  via 
openings  in  the  thoracic  and  abdominal  air  sacs  in  chickens  and  ducks.  That  observa- 
tion  was  later  verified  and  expanded  upon  in  many  species  of  birds  (Bordoni,  1888; 
Treves  &  Maiocco,  1905;  FoÄ,  1911;  Dooley  &  Koppänyi,  1929;  Hiestand  &  Ran¬ 
dall,  1941).  More  recently.  Van  Matre  (1957)  suggested  that  the  apnea  produced  by 
unidirectional  Ventilation  of  the  respiratory  System  with  air  resulted  from  afferent 
impulses  arising  from  receptors  sensitive  to  the  chemical  composition  of  the  respiratory 
gases  and  not  from  distortion  of  air  passages  or  the  thoraco-abdominal  wall.  Thus,  the 
idea  of  an  intrapulmonary  chemoreceptor  System  which  could  produce  a  profound 
change  in  respiration  when  activated  had  been  firmly  established.  However,  direct 
proof  of  receptor  location  and  details  of  receptor  activation  had  to  await  more  defini¬ 
tive  experiments. 

Direct  evidence  for  IPC  location  and  adequate  Stimulus 

Many  studies  have  demonstrated  that  afferent  impulses  in  the  Nn.  vagi  are  important 
in  maintaining  normal  breathing  patterns  in  birds  (see  King,  1966  for  review).  How¬ 
ever,  the  intrapulmonary  location  of  chemoreceptors  was  not  conclusively  demon¬ 
strated  until  reflex  studies  using  vascularly  isolated  lungs  were  conducted  (Burger, 
1968;  Peterson  &  Fedde,  1968).  In  these  studies,  apnea,  induced  by  reducing  intrapul¬ 
monary  CO2  concentration  in  unidirectionally  ventilated  chickens,  occurred  as  rapidly 
when  all  blood  flow  through  the  lungs  was  stopped  as  when  blood  flow  was  present, 
indicating  the  receptor  System  was  intrapulmonary.  The  apneic  response  was  signifi- 
cantly  delayed  after  vagotomy,  suggesting  the  afferent  pathway  was  in  the  vagus. 

Single-unit  vagal  recordings  now  have  confirmed  that:  (1)  IPCs  are  within  the  lung; 
(2)  the  adequate  Stimulus  for  IPCs  is  carbon  dioxide  concentration;  and  (3)  IPCs  can 
respond  to  both  static  and  bidirectional  rate  changes  in  intrapulmonary  CO2  concentra¬ 
tion;  (Fedde  &  Peterson,  1970;  Leitner  &  Roumy,  1974;  Molony,  1974;  Osborne  & 
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LRGER,  1974;  Burger  et  al.,  1974;  Fedde  et  al.,  1974  a,  b;  Osborne  et  ab,  1977  b; 
ANZETT  &  Burger,  1977).  The  IPCs  have  not  been  observed  morphologically,  but  they 
appear  to  be  in  the  gas  exchange  region  of  the  lung,  with  many  lying  near  the  medio¬ 
dorsal  secondary  bronchi  (Scheid  et  ab,  1974;  Nye,  1977). 


Evidence  for  involvement  of  IPCs  in  control  of  breathing 

Response  to  airway  loading  with  CO2 

Wh^ether  they  are  anesthetized,  decerebrated,  or  unanesthetized,  chickens  and  ducks 
orce  to  inhale  low  concentrations  of  CO2  (up  to  about  3  °/o),  increase  Ventilation 
without  (or  with  a  very  small  change)  changes  in  arterial  Pco^  (Paco2)  (Kuhlmann  & 
Fedde,  1976;  Osborne  &  Mitchell,  1977,  1978;  F.  L.  Powell,  M.  R.  Fedde,  R.  K. 

RATZ  &  P.  Scheid,  unpubhshed  observations).  The  constancy  of  Paco2  is  not  main- 
tained  when  the  vagus  nerves  are  cut  (Mitchell  &  Osborne,  1978).  These  results  have 
een  mterpreted  to  indicate  that  the  ventilatory  increase  cannot  result  from  a  change  in 
discharge  of  peripheral  or  central  chemoreceptors,  which  depend  on  an  arterial  blood- 
borne  Stimulus.  The  most  likely  receptor  System  responsible  for  matching  Ventilation  to 
the  airway-C02  load  is  the  IPC  System. 


Ventilatory  responses  to  Stimulation  of  intrapulmonary  and 
chemoreceptors 


systemic 


Using  the  technique  of  independent  Ventilation  of  each  lung  in  anesthetized  chick¬ 
ens,  Osborne  et  ab  (1977  a)  determined  the  contribution  of  IPCs  and  of  systemic 
chemoreceptors  bathed  by  arterial  blood  on  the  ventilatory  effort.  They  found  that 
respiratory  amplitude  increased  and  frequency  decreased  when  the  intrapulmonary 
Pco2  was  increased  from  0  to  35  torr  in  one  vascularly  isolated  but  innervated  lung, 
while  Paco2  constant  at  29  torr.  Thus,  the  only  receptor  System  stimulated  by 

the  increased  intrapulmonary  Pco2  was  the  IPC  System  in  the  right  lung,  and  the  reflex 
responses  resulted  in  both  respiratory  frequency  and  amplitude  modulation.  They  fur- 
ther  found  that  additional  increases  in  intrapulmonary  Pco2  above  35  torr  in  the  vascu¬ 
larly  isolated  but  innervated  right  lung  had  only  minimal  effects  on  respiratory  move- 
ments.  Such  response  is  consistent  with  static  response  curves  of  IPCs  to  various  levels 
in  intrapulmonary  Pco2  (Osborne  &  Burger,  1974)  in  which  the  discharge  frequency 

of  most  IPCs  is  low  at  a  Pco2  above  35  torr  and  is  not  greatly  reduced  as  the  P^o  is 
increased  further.  ^ 

Their  study  clearly  indicated  that  nonpulmonary  chemoreceptors  also  influenced 
Ventilation.  Increasing  Paco2  19  to  61  torr  while  holding  the  intrapulmonary  P^o 
in  the  vascularly  isolated  but  innervated  right  lung  constant  at  21  torr  also  increased 
respiratory  amplitude  and  decreased  frequency,  indicating  that  these  receptors  operate 
over  a  wider  ränge  of  CO2  Stimuli  than  do  IPCs. 

Their  data  suggest  that  IPCs  operate  with  greatest  sensitivity  to  control  breathing 
from  the  normal  to  hypocapnic  ränge  of  intrapulmonary  CO2  concentrations  and  that 
the  other  systemic  chemoreceptors  operate  most  effectively  to  augment  breathing  when 
the  bird  becomes  hypercapnic. 
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Pacing  respiration  with  intrapulmonary  CO2  oscillations 

Kunz  and  colleagues  have  conducted  experiments  that  indicate  IPCs  are  important 
in  Controlling  breathing.  They  demonstrated  that  the  ventilatory  rhythm  of  an  awake, 
unidirectionally  ventilated  chicken  will  synchronize  with  oscillating  intrapulmonary 
CO2  concentrations  over  a  ränge  of  Va  to  2  times  the  normal  frequency  of  breathing 
(Kunz  &  Miller,  1971,  1974,  1975;  Kunz  et  ah,  1973).  Respiration  in  the  chicken  can 
be  paced  by  a  variety  of  CO2  waveforms,  and  evidence  suggests  that  the  rise  in  intrapul¬ 
monary  CO2  concentration,  which  would  act  to  inhibit  the  discharge  of  IPCs,  is  the 
important  event  that  tnggers  onset  of  the  subsequent  breath  (Miller  &  Kunz,  1977, 
Kunz  &  Tallman,  1978).  Although  other  chemoreceptors  may  also  be  influenced  by 
the  oscillations  in  intrapulmonary  CO2  concentrations,  it  is  likely  that  the  IPCs  are 
most  directly  involved  with  the  response. 


Evidence  for  involvement  of  non-IPCs  in  the  control  of  breathing 

Apneic  response  to  reduced  intrapulmonary  CO2  concentration  after 
bilateral,  cervical  vagotomy 

When  the  intrapulmonary  CO2  concentration  is  suddenly  reduced  during  unidirec- 
tional  Ventilation,  vagotomized  birds  become  apneic  with  a  latency  of  approximately 
5  seconds  compared  with  a  latency  of  about  0.5  second  before  vagotomy  (Peterson  & 
Fedde,  1968,  1971).  Thus,  other  chemoreceptors,  either  peripheral  (with  a  nonvagal 
afferent  pathway)  or  central,  appear  to  influence  the  central  respiratory  neuronal  pool. 
The  experiments  of  Osborne  et  al.  (1977  a),  previously  discussed,  provide  more  direct 
evidence  for  the  presence  and  action  of  other  receptors. 


Carotid  bodies 

Denervation  of  the  carotid  bodies  in  ducks  reduces  the  ventilatory  response  to 
increased  inspired  CO2  concentration  or  to  increased  Paco2  (Bouverot  et  ah,  1974). 
Although  the  rapid,  first-breath  response  to  changes  in  inspired  CO2  concentration 
remains  after  carotid  body  denervation,  the  time  required  to  reach  the  peak  response  is 
considerably  longer  than  in  intact  birds.  These  results  suggest  that  the  carotid  bodies 
can  detect  changes  in  Paco2  and  may  influence  the  central  neuronal  pool. 

Ventilatory  response  to  exercise 

Although  studies  have  been  conducted  on  exercising  birds  (Berger  &  Hart,  1974; 
Fedak  et  ah,  1974),  very  little  is  known  about  the  control  of  Ventilation  during  exercise. 
Recent  experiments  on  flying  starlings  and  pigeons  (Torre-Bueno,  1978;  Butler  et  ah, 
1977)  and  running  ducks  indicate  that  exercise  produces  pronounced  hyperventilation. 
In  running  ducks,  the  hyperventilation  causes  a  decrease  in  both  mixed  venous  Pco2  and 
Paco-.-  Arterial  pw  generally  increases  during  exercise,  apparently  as  a  result  of 
reduced  Paco.;  but  interestingly,  mixed  venous  pH  drops  at  the  beginning  of  exercise 
then  returns  to  near  its  resting  value  before  the  termination  of  exercise.  These  observa- 
tions  pose  interesting  questions  about  the  mechanisms  Controlling  breathing  during 

exercise. 
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Ventilatory  response  to  venous  CO2  loading 

Anesthetized  or  decerebrated  chickens  increase  both  tidal  volume  and  respiratory 
frequency  when  presented  with  a  high  venous  CO2  load  in  infused  blood  but  they  are 
unable  to  adjust  Ventilation  to  the  added  load  fast  enough  to  prevent  a  rise  in  Paco2- 
End-expired  Pco2  nses  to  a  maximum  within  3  to  4  breaths  after  beginning  the  infusion 
of  the  high  CO2  load  but  the  nse  in  Ventilation  is  much  slower  and  continues  for  several 
bieaths  after  the  CO2  load  is  removed.  These  results  suggest  that  if  the  IPCs  are 
involved  in  the  control  of  breathmg,  they  do  not  act  fast  enough  to  increase  Ventilation 
in  Proportion  to  an  increased  venous  CO2  load.  It  is  possible,  however,  that  the  ele¬ 
vated  Paco2  i'^sults  from  shunting  of  blood  past  nonrespiratory  exchange  surfaces  in  the 
lungs.  However,  there  is  no  current  evidence  for  anatomical  shunts  in  the  chicken  lung 
(Abdalla  &  King,  1976). 

C02-sensitive  mechanoreceptors  in  the  cardiovascular  System 

C02-sensitive  mechanoreceptors  in  the  avian  heart  have  afferent  fibers  in  the  middle 
cardiac  nerve  (Estavillo  &  Burger,  1973).  Recent  studies  indicate  that  stimulating  the 
middle  cardiac  nerve  markedly  depresses  the  amplitude  of  breathing  (Estavillo  & 
Youther,  1978).  It  is  possible  that  these  receptors  may  monitor  both  cardiac  output 
and  Paco2  ^  ’^^at  approximately  matches  Ventilation  to  perfusion  of  the  lungs. 
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Respiratory  responses  lo  flight  in  birds  have  been  investigated  and  summarized  in 
various  contexts  in  recent  years.  I  will  refer  to  several  reviews  about  the  respiratory 
apparatus,  respiration,  flight  power,  energetics,  and  thermal  relations,  reviews  that 
comprise  many  facts,  ideas  and  discussions  that  are  related  to  the  aspects  presented 
here:  Duncker  (1971),  Lasiewski  (1972),  Calder  (1974),  Calder  &  King  (1974), 
Berger  &  Hart  (1974).  I  will  not  attempt  to  present  a  comprehensive  treatment.  It  is 
the  objective  of  this  paper  to  review  some  recent  results  about  respiration  during  flight 
in  birds  emphasizing  Ventilation  and  respiratory  flow  and  its  adjustment  to  flight. 

Respiratory  (tracheal)  air  flow  and  wing  movement 

The  old  contention  that  an  obligatory  coupling  exists  between  wing  movement  and 
respiratory  air  flow  (or  frequency)  is  no  longer  tenable.  Today  we  know  that  the  res¬ 
piratory  movements  of  the  rib  cage  that  induce  air  way  pressure  changes  can  be  inde¬ 
pendent  of  pectoral  muscle  activity.  Yet  there  are  many  instances  of  a  coupling  that 
reach  from  synchrony  to  different  types  of  co-ordinations  (up  to  5:1),  and  we  ask 
where  and  why  such  co-ordinations  occur. 


Figure  1.  Simultaneous  recording  of  respiratory  flow  and  wing  beats  in  a  Black  Duck  (Anas 
rubripes).  The  frequencies  are  clearly  related  in  a  3:1  pattem  with  a  constant  phase  relationship: 

end  of  inspiration  towards  the  end  of  the  downstroke. 

A  co-ordination  is  regarded  present  if  in  a  breath  by  breath  analysis,  phasic  relations 
occur  between  wing  movement  and  breathing,  e.g.  if  Start  of  inspiration  or  expiration 
occurs  only  or  preferentially  in  a  certain  phase  of  the  wing  beat  cycle.  A  comparison  of 
frequencies  alone  uncorrelated  to  the  timing  of  the  two  events  is  not  suited  for  evalua- 
tion  of  co-ordination  between  wing  beat  and  Ventilation. 

A  coupling  may  be  expressed  by  many  types  of  phasic  co-ordination,  from  a  1  ;1  syn¬ 
chrony  to  a  5:1  co-ordination  (5  wing  beats  per  breath).  1 :1  was  found  in  2  species,  2:1 
only  in  1,3:1  in  6,  4 :  1  in  6,  and  5:1  in  3  species;  also  3:2,  5:2,  and  7 : 2  may  occur 
(Berger  et  ah,  1970  b).  A  typical  instance  of  a  3 :  1  co-ordination  is  shown  in  Figure  1. 
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The  Inspiration  begins  towards  the  end  of  upstroke,  the  expiration  towards  the  end  of 
downstroke.  This  phasic  co-ordination  is  the  predominate  type. 

In  general,  wing  beat  rates  of  most  birds  are  higher  than  breathing  rates,  so  far  only 
in  pigeons  (exceptional  high  breathing  rates)  and  crows  (low  wing  beat  rates)  a  syn- 
chrony  of  the  rates  has  been  found.  It  was  suggested  that  synchrony  is  present  in  larger 
rather  than  in  small  birds  (Tucker,  1968  b).  But  besides  body  size  the  wing  area  that 
determines  wing  rate  has  to  be  taken  into  consideration.  Birds  with  relatively  small 
wings  (high  wing  loading)  have  relatively  high  wing  beat  rates  (e.g.  auks  and  ducks) 
and  vice  versa  (e.g.  crows,  gulls  and  herons).  Smce  large  birds  have  m  general  a  high 
wing  loading  due  to  similarity  in  construction  we  better  calculate  the  wing  loading 
Index:  (body  mass)^/^  (wing  area)-',  if  we  look  for  a  figure  that  is  related  to  the  wing 
rate  independent  of  body  size.  A  high  wing  loading  mdex  (oi  a  lelatively  high  wing 
rate)  is  associated  with  high  ratios  of  wing  rate/breathing  rate. 

Co-ordinations  may  occur  during  take-off,  horizontal  unhurried  flight  (slow  and 
fast),  landing,  ascending  and  descending  flight.  So  far  no  flight  Situation  can  be 
excluded  completely.  However,  co-ordinations  were  interrupted  briefly  or  they 
changed  from  one  type  to  another  in  the  following  situations:  during  turning,  slow 
flight  and  take-off,  and  that  by  a  few  faster  wing  beats  or  by  sudden  changes  in  respira- 
tion  rate  from  one  to  another  level.  After  that  the  co-ordmation  was  immediately  re- 
established. 

Looking  at  respiratory  (tracheal)  air  flow  m  connection  with  the  wing  beat  cycle 
(Figures  1,  3)  it  is  obvious  that  upstroke  as  well  as  downstroke  cause  reductions  in  the 
magnitude  of  flow.  During  downstroke  the  inspiratory  air  flow  is  more  markedly 
reduced  than  during  upstroke.  Flow  Inhibition  and  augmentation  occurs  m  accordance 
with  the  following  scheme: 


towards  end  of  upstroke 

mid  to  end  of  downstroke 

inspiratory  flow 

small  reduction 

large  reduction 

expiratory  flow 

increase 

increase 

flow  reversal 

exp.  -►  insp. 

insp.  ->■  exp. 

If  wing  muscles  and  respiratory  muscles  act  in  the  same  direction  their  effects  may  be 
added,  at  least  the  described  timing  will  be  of  advantage  to  another  timing  where  flow 
reversal  is  slowed  down  by  wing  muscle  activity. 

The  rate  of  change  of  air  flow  in  the  trachea  (air  acceleration  =  steepness  of  flow 
curve)  is  highest  during  flow  reversal  in  flight  respiration.  The  figures  from  other  activ- 
ities  are  clearly  lower,  even  from  postflight  where  high  flow  values  are  found: 


Maximal  change  of  air  flow 

Evening  Grosbeak 

Black  Duck 

during  flow  reversal  at 

rest 

0.5  1/s^ 

2.0  1/s^ 

flieht  with  co-ordination 

10  1/s^ 

30  1/s^ 

postflight 

3.5  1/s^ 

12  1/s^ 

TRACHEAL  flow,  U„/min 
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The  effect  of  an  increased  air  acceleration  is  demonstrated  in  Figure  2.  It  becomes 
clear  that  with  a  fixed  maximal  air  flow  and  constant  respiration  rate  (or  breath  dura- 
lion)  an  increased  air  acceleration  will 

(a)  shorten  duration  of  flow  reversal, 

(b)  extend  duration  of  maximal  flow,  and 

(c)  enlarge  tidal  volume  (and  therefore  Ventilation). 

The  two  latter  effects  may  have  physiological  significance  for  gas  exchange  require- 
ments  during  flight.  The  magnitude  of  tracheal  air  flow  will  not  only  determine  the 
magnitude  of  parabronchial  flow.  It  has  been  suggested  (Duncker,  1971)  that  there 
might  be  also  qualitative  differences  in  Ventilation  of  gas  exchange  surfaces  when 
respiratory  air  flow  is  altered.  Thus  there  is  reason  to  expect  that  the  paleopulmo  is 
ventilated  only  at  higher  air  flow  and  therefore  the  effective  parabronchial  Ventilation 
can  be  considerably  augmented  by  a  longer  peak  flow  duration. 


DURATION  OF  MAXIMAL  FLOW 


Figure  2.  Respiratory  (tracheal) 
flow  with  long  and  short  dura¬ 
tion  of  flow  reversal.  In  either 
schematic  instance  maximal 
flow  and  breath  duration  (fre- 
quency)  is  unchanged.  Short 
flow  reversal  duration  leads  to 
increased  tidal  volume  (and  Ven¬ 
tilation)  and  to  prolonged  dura¬ 
tion  of  maximal  flow. 


An  unaltered  phase  relationship  between  time  of  flow  reversal  and  wing  position  as 
descnbed  above  requires  uneven  co-ordination  numbers  (1:1,  3:1,  5:1)  when  duration 
of  Inspiration  shall  equal  duration  of  expiration.  A  4:1  co-ordination,  however,  can  be 
maintained  with  minor  alterations  of  the  described  type  of  phasic  co-ordination  —  at 
that  usually  inspiration  duration  is  somewhat  augmented.  It  may  also  occur  (see  fig.  3) 
that  Inspiration  duration  varies  considerably  (up  to  61  %  of  breath  duration)  so  that 
one  breath  lasts  either  3  or  4  wmg  beats  (and  nothing  between)  in  an  irregulär  pattem, 
but  with  a  fixed  phasic  co-ordination. 


Air  flow  patterns  at  different  activities 

The  tracheal  air  flow  pattem  in  the  Evening  Grosbeak  during  flight  and  other  activi¬ 
ties  IS  shown  in  Figure  3.  When  compared  with  pigeons,  Ring-billed  Gulls  and  Black 


Figure  3.  Respiratory  (tracheal) 
flow  patterns  of  the  Evening 
Grosbeak  Hesperiphona  vesper- 
tina  during  rest,  calling,  take- 
off,  flight,  and  postflight.  The 
area  under  the  curve  represents 
the  tidal  volume.  (From  Berger 
&  FI  ART,  1968;  Berger,  et  ah, 
1970  b;  Hart  &  Berger 
unpubl.) 
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Ducks,  the  magnitude  of  respiratory  air  flow,  tidal  volume  and  Ventilation  increases 
with  increasing  body  size,  while  respiration  rate  decreases  (cf.  Berger  &  Hart,  1974). 
For  a  given  species,  the  magnitude  of  peak  air  flow  increases  in  the  succession:  rest 
panting  —  take-off — postflight — flight.  The  largest  tidal  volumes  are  recorded  during 
flight  and  postflight  (Hart  &  Roy,  1966;  Berger  et  ah,  1970  a).  Breathing  frequency  is 
immediately  changed  at  the  onset  and  at  the  end  of  flight  while  the  response  in  tidal 
volume  is  gradual. 


Ventilation  volume 


Ventilation  and  body  size 

When  compared  on  a  body  size  basis,  the  respiration  rate  during  flight  in  different 
species  exhibits  relatively  little  changes  (Berger  &  Hart,  1974).  From  hummmgbiids 
and  tits  to  ducks  and  pheasants  the  rate  decreases  from  4  —  6/s  to  about  1.5  3/s.  In 

contrast,  the  few  data  on  tidal  volume  may  increase  in  the  same  body  size  ränge  from 
0.5  ml  to  40—100  ml.  The  Ventilation  (tidal  volume  x  respiration  frequency)  increases 
also  from  about  0.1  1/min  to  10  1/min;  the  few  available  data  (6  species)  were  put 
together  in  the  following  regression;  V  =  42  ml/min  (body  mass  M  in  g). 

Ventilation  and  heat 

Panting  Ventilation  volume  m  rest  is  considerably  lower  than  flight  Ventilation.  In 
flying  birds  the  Ventilation  is  apparently  primarily  adapted  to  the  demands  of  the 
respiratory  and  circulatory  System  to  guarantee  a  6—  15  fold  oxygen  uptake  compared 
to  rest. 

Flight  at  high  temperatures  is  associated  with  increased  respiratory  water  and  heat 
loss  (Tucker,  1968  h;  Berger  &  Hart,  1972;  Bernstein,  1976).  This  effect  can  be 
explained  by  a  low  temperature  of  expired  air  at  low  ambient  temperatures  and  vice 
versa,  as  well  as  by  altered  Ventilation  volume.  In  Fish  Crows  (Bernstein,  1976)  it  was 
shown  that  when  ambient  temperature  increased  from  20  to  28° C,  also  tidal  volume 
(from  15  to  23  ml)  and  Ventilation  was  increased  (from  1.8  to  3.0  1/min).  In  Budgeri- 
gars  (Aulie,  1975)  a  very  high  respiration  frequency  of  16/s  being  suggestive  of  pant¬ 
ing  was  measured  at  high  Tß.  In  contrast,  hovering  hummingbirds  (Johansen  & 
Berger,  unpubl.)  did  not  show  any  sign  of  panting  m  flight  where  undei  heat  load 
respiration  frequency  can  increase  from  5  to  7/s.  If  sitting  overheated  birds  which  were 
heavily  panting  were  brought  to  flight  respiration  rate  decreased  immediately. 

Ventilation  and  altitude 

Resting  birds  increase  their  Ventilation  volume  (BTPS)  when  exposed  to  altitude 
conditions  (low  barometric  pressure,  low  oxygen  pressure)  (Tucker,  1968  a;  Bouve- 
ROT  et  ah,  1976).  During  flight  at  altitude  the  power  input  (oxygen  uptake)  in  hovering 
hummingbirds  is  increased  (Berger,  1974).  Flight  Ventilation  measurements  at  altitude 
are  available  only  from  hovering  hummingbirds,  too  (at  high  ambient  temperatures, 
Berger,  1978).  The  increased  Ventilation  (BTPS)  that  was  found  at  4000  m  altitude  in 
comparison  to  sea  level  conditions  could  not  explain  the  whole  increase  in  oxygen 
uptake.  Therefore  an  increase  in  oxygen  extraction  from  ventilated  air  was  assumed. 
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.  paper  is  dedicated  to  the  memory  of  J.  S.  Hart  (1916 —  1973)  who  opened  and  contributed 
signiiicantly  to  the  field  of  avian  physiology. 
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Ontogenetic  Development  of  Respiration  in  Birds 

Jens  Peter  Lomholt 


Bird  embryos  develop  inside  a  hard  calcareous  egg  shell,  which  protects  the  embryo 
against  mechanical  injury  as  well  as  against  excessive  dehydration.  The  shell  is  thus 
necessary  for  the  normal  development  of  the  embryo  during  incubation  by  the  parent 
in  a  nest.  The  existence  of  this  shell,  so  crucial  to  the  protection  of  the  embryo,  must 
present  a  limit  to  the  respiratory  gas  exchange.  If  the  shell  is  to  restrict  evaporation 
from  the  egg,  it  must  at  the  same  time  constitute  a  barrier  to  the  transport  of  the  respir¬ 
atory  gases,  oxygen  and  carbon  dioxide. 

This  paper  discusses  various  aspects  of  how  the  respiratory  requirement  of  the 
embryo,  confined  within  an  egg  shell  of  limited  surface  area,  can  be  satisfied  througb- 
out  the  period  of  incubation  in  spite  of  the  very  large  increase  in  metabolism  which 
occurs  as  a  result  of  the  growth  of  the  embryo  (Romijn  &  Lokhorst,  1960;  Romanoff, 
1941;  Hoyt  et  ah,  1978). 

The  exchange  of  respiratory  gases  across  the  egg  shell  is  believed  to  occur  solely  by 
diffusion,  i.e.  tbe  gas  exchange  does  not  depend  on  the  convection  of  air  around  the 
egg.  One  type  of  evidence  for  this  is  the  common  experience  that  the  evaporative  loss 
of  water  from  eggs  during  artificial  incubation  is  independent  of  air  velocity  in  the 
incubator  and  is  only  influenced  by  the  humidity  of  the  air  (Lundy,  1969). 

Exchange  by  diffusion  across  a  boundary  depends  on  the  area  and  permeability  of 
that  boundary  and  on  the  concentration  difference  between  the  two  sides  of  the  bound¬ 
ary.  The  barrier  to  the  diffusion  of  oxygen  and  carbon  dioxide  between  the  ambient  air 
and  the  vascular  extraembryonic  membranes  consists  of  the  shell  with  its  numerous 
pores  and  of  the  two  fibrous  shell  membranes  lining  the  inner  surface  of  the  shell, 
except  at  the  air  cell  where  they  separate.  In  addition,  at  early  stages  of  development, 
there  may  be  a  layer  of  albumen  between  the  inner  shell  membrane  and  the  vascular- 
ized  yolk  sac,  but  no  quantitative  data  exist  on  the  magnitude  of  such  a  layer. 

The  oxygen  permeability  of  the  egg  shell  with  intact  shell  membranes  has  been  meas- 
ured  in  a  number  of  species  at  different  stages  of  incubation  (Kutchai  &  Steen,  1971; 
Lomholt,  1976;  Tullett  &  Board,  1976).  Initially  the  permeability  is  low.  It  is  in  fact 
so  low  that  even  with  the  largest  possible  gradient  in  oxygen  partial  pressure,  the  oxy¬ 
gen  requirement  during  the  later  stages  of  development  could  not  be  satisfied.  What 
happens  is  that  after  about  one  week  of  incubation  (chicken),  the  permeability  of  shell 
and  membranes  increases  by  a  factor  of  roughly  10  to  stay  relatively  constant  for  tbe 
rest  of  the  incubation  period. 

The  reason  for  the  increase  in  oxygen  permeability  of  the  shell  and  membranes  is  to 
be  sought  in  changes  in  water  content  of  the  shell  membranes.  This  is  high  initially 
correlating  with  the  finding  of  a  low  oxygen  permeability.  Later,  the  water  content 
Starts  to  decline  quite  rapidly  at  about  the  time  when  the  permeability  increase  is 
observed.  What  happens  is  probably  that  the  decline  in  water  content  results  in  the  for- 
mation  of  more  gas  filled  channels  in  the  membranes  which  will  facilitate  the  transport 
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of  oxygen  through  the  membranes  (Kltchai  &  Steen,  1971;  Lomholt,  1976). 

Knowing  that  the  egg  constantly  loses  water  through  evaporation,  one  might  think 
of  this  as  the  reason  for  the  dehydration  of  the  shell  membranes.  The  loss  of  water 
vapour  from  the  egg  is,  however,  constant  throughout  the  period  of  incubation,  wher- 
eas  dehydration  of  the  shell  membranes  is  not.  In  addition,  the  dehydration  of  the 
membranes  and  the  accompanying  permeabihty  increase  is  largely  (although  maybe  not 
completely)  independent  of  the  humidity  around  the  eggs  over  a  large  ränge  of  relative 
humidities  (Lomholt,  1976).  On  the  contrary,  the  reason  for  the  change  in  hydration 
of  the  membranes  should  be  sought  m  the  conditions  inside  the  egg.  The  water  con- 
tamed  within  the  shell  membranes  must  be  m  equihbrium  with  the  water  in  the  egg 
Contents  in  contact  with  the  membranes,  that  is  at  these  early  stages  of  development 
primarily  with  the  albumen.  At  the  same  time  the  membranes  Start  to  lose  water,  a  sub- 
stantial  increase  in  the  colloid  osmotic  pressure  of  the  egg  white  has  been  recorded 
(Lomholt,  1976).  It  has  been  shown  that  differences  m  protein  concentration  between 
the  two  sides  of  an  excised  piece  of  the  compound  shell  membrane  causes  an  osmotic 
flow  of  water,  whereas  a  difference  in  sah  concentration  does  not.  Since  the  mem¬ 
branes  do  constitute  an  osmotic  barrier  with  respect  to  the  egg  white  protein,  a  rise  in 
colloid  osmotic  pressure  of  the  egg  white  will  tend  to  draw  water  from  the  membranes. 

The  next  factor  of  importance  when  considering  the  diffusive  gas  exchange  of  the 
embryo  is  the  area  through  which  diffusion  takes  place.  The  area  of  the  shell  surface  of 
course  sets  an  upper  limit  to  the  area  available  to  respiratory  gas  exchange.  It  should, 
however,  be  kept  in  mind  that  during  the  early  stages  of  development  only  a  part  of  the 
shell  is  in  contact  with  the  extraembryonic  blood  vessels.  In  the  chicken,  the  blood  cir- 
culation  is  established  during  the  second  day  of  development  (Romanoff,  1960). 
Extraembryonic  blood  vessels  of  the  yolk  sac  are  rapidly  spreading  over  the  surface  of 
the  yolk  and  at  the  same  time  a  large  amount  of  water  is  transferred  from  the  albumen 
mto  the  yolk  resulting  in  the  formation  of  a  liquid  yolk  termed  the  subgerminal  fluid 
beneath  the  embryo.  This  movement  of  water  leads  to  a  concentration  of  the  albumen 
resulting  in  the  mentioned  rise  in  colloid  osmotic  pressure.  Because  the  subgerminal 
fluid  has  a  lower  specific  weight  than  the  rest  of  the  egg  contents,  it  forces  the  yolk 
upwards  bringing  the  yolk  sac  blood  vessels  in  dose  contact  with  the  inner  surface  of 
the  upper  part  of  the  shell  (New,  1956).  This  dose  contact  must  be  important  if  these 
vessels  are  to  function  in  gas  exchange.  It  would  seem  that  only  the  part  of  the  shell  in 
contact  with  blood  vessels  plays  a  role  in  gas  exchange.  A  simple  experiment  shows  this. 
Although  turning  eggs  is  important,  they  can  develop  without.  In  Order  to  test  the 
importance  of  different  parts  of  the  shell  in  gas  exchange,  some  eggs  had  the  upper  half 


Table  1 :  Effect  of  covering  different  parts  of  the  egg  shell  on  development  during  the  first  4  days 

of  incubation  in  the  domestic  chicken. 


Part  of  shell 
covered 

No.  of  eggs 

Infertile 

Died  between 
day  2  —  4 

Alive  at 
day  4 

No 

10 

0 

2 

8 

Lower  half 

15 

5 

1 

9 

Upper  half 

15 

2 

10 

3 

All 

10 

0 

10 

0 
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of  the  shell  laquered  and  some  had  the  lower  part  laquered.  For  comparison  some  eggs 
were  completely  laquered  and  some  were  not  laquered  at  all.  The  eggs  were  not  turned. 

When  examined  after  4  days  of  incubation  most  of  the  eggs  with  the  top  part  of  the 
shell  laquered  had  died  as  had  those  with  the  entire  shell  covered,  whereas  those  with 
the  lower  part  covered  had  developed  as  well  as  had  those  not  covered  at  all  (Table  1). 
This  is  not  surprising  since  diffusion  as  a  means  of  transport  is  only  effective  over  very 
short  distances.  It  should  be  noted  in  this  connection  that  the  oxygen  tension  of  albu- 
men  and  yolk  from  completely  covered  eggs  was  not  particularly  low,  that  is  the 
embryo  is  not  able  to  deplete  the  entire  egg  contents  of  its  oxygen,  again  attesting  to 
the  ineffectiveness  of  diffusive  transport  over  long  distances. 

At  the  Stage  of  development  under  consideration  (3  —  5  days  in  chicken)  the  yolk  is 
free  to  move  with  the  result  that  in  spite  of  turning  the  eggs,  the  embryo  will  always  be 
facing  upwards.  If  the  view  is  accepted  that  gas  exchange  takes  place  primarily  across 
the  part  of  the  shell  in  contact  with  the  yolk  sac  vessels,  a  question  arises  as  to  the  gas 
exchange  during  natural  incubation.  Düring  the  reproductive  period  most  birds 
develop  a  brood  patch,  that  is  an  area  of  the  ventral  skin  which  becomes  defeathered 
and  somewhat  edematous  (Drent,  1975).  This  is  interpreted  as  a  means  of  obtaining  a 
dose  contact  with  the  eggs  thus  facilitating  heat  transfer  from  the  sitting  bird  to  the 
eggs.  This  would  seem  to  prevent  a  part  of  the  shell  surface  from  taking  part  in  gas 
exchange. 

The  oxygen  tension  which  can  be  measured  on  the  surface  of  normal  human  skin  has 
been  reported  to  be  only  a  few  mm  Hg  at  most  (Evans  &  Naylor,  1967).  It  has  been 
shown,  however,  that  a  local  increase  in  blood  flow  caused  by  heating  the  skin  results 
in  a  rise  in  skin  surface  oxygen  tension  to  values  dose  to  arterial  oxygen  tension  (Huch 
et  ah,  1973).  It  is  tempting  to  speculate  that  a  high  surface  oxygen  tension  might  exist 
in  the  presumably  intensely  perfused  brood  patch. 

A  few  preliminary  attempts  to  record  surface  oxygen  tension  on  the  brood  patch  of 
the  Chicken  and  the  Budgerigar,  however,  showed  values  of  only  a  few  mm  Hg.  This 
was  done  on  hand-held  birds  and  since  the  blood  flow  to  the  brood  patch  is  probably 
under  acute  control,  the  possibility  of  a  high  surface  oxygen  tension  cannot  be  com¬ 
pletely  ruled  out  before  it  is  possible  to  record  from  undisturbed  birds.  Speaking 
against  the  possibility  of  a  high  surface  oxygen  tension  is  the  histological  finding  that 
the  Stratum  corneum  of  the  brood  patch  is  more  strongly  developed  during  the  repro¬ 
ductive  period  (Drent,  1975). 

Between  the  6th  and  the  lOth  day  in  the  chicken  the  allantois  rapidly  grows  into  the 
extraembryonic  coelom.  It  fuses  with  the  chorion  to  form  the  highly  vascularized  cho- 
rioallantoic  membrane  which  takes  over  the  role  as  the  gas  exchange  organ  of  the 
embryo,  covering  by  day  10 — 11  the  entire  inner  surface  of  the  shell.  Up  to  this  stage 
an  increase  in  the  area  of  the  vascular  extraembryonic  membranes  as  well  as  the  previ- 
ously  discussed  rise  in  oxygen  permeability  of  the  shell  membranes  are  important  when 
considering  how  the  increasing  oxygen  consumption  of  the  embryo  can  be  satisfied. 

After  about  the  lOth  day  the  area  available  for  gas  exchange  cannot  be  expanded  more 
and  the  oxygen  permeability  of  the  shell  and  shell  membranes  is  constant.  From  this 
Stage  of  development  the  embryo  must  depend  on  expanding  on  the  last  term  in  the  dif¬ 
fusion  equation,  namely  the  gradient  in  oxygen  partial  pressure. 
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During  the  later  pan  of  the  period  of  incubation,  a  rising  oxygen  consumption  in 
Connection  with  a  constant  oxygen  permeability  of  the  shell  and  shell  membranes 
results  in  a  decline  in  the  arterial  oxygen  tension  (Freeman  &  Misson,  1970;  Tazawa  et 
ah,  1971).  The  mcreasing  difference  in  oxygen  tension  between  blood  and  ambient  air 
ensures  that  enough  oxygen  will  diffuse  across  the  shell.  One  important  physiological 
adjustment  to  the  progressively  hypoxic  Situation  of  the  embryo  is  a  concomitant 
increase  in  the  oxygen  affinity  of  the  blood.  As  a  result  of  this,  the  embryo  can  still  take 
advantage  of  the  oxygen  carrying  capacity  of  the  hemoglobin  in  spite  of  the  lowered 
arterial  oxygen  tension.  At  hatching  the  oxygen  availability  is  abruptly  improved  and 
hence  both  arterial  oxygen  tension  and  half  Saturation  tension  of  the  hemoglobin  are 
again  increased  (Bartels  et  ah,  1966;  Misson  &  Freeman,  1972;  Lomholt,  1975). 
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Bird  Flight:  Kinematics  of  Wing  Movement  and  Aspects  of  Aerodynamics 

Werner  Nachtigall 

Kinematics  of  wing  movements  during  flapping  fligth 

The  kinematical  conditions  and  their  relation  lo  aerodynamics  based  on  the  most 
precise  analysis  of  a  wing  beat  available  to  date  will  be  described  for  a  downstroke 
period.  Data  were  measured  by  my  coworker  Dietrich  Bilo  (1971).  For  aerodynami- 
ca  reasons,  a  geometncal  twisting  (increasing  proportion  from  base  to  dp)  of  the  bird’s 
wing  must  occur  during  downstroke.  From  a  biological  point  of  view,  it  would  be  use- 
ful  if  the  degree  of  twisting  could  be  correlated  to  the  momentary  speed  of  wing  beat- 
mg  and  flight  in  the  sense  of  a  variable  pitch  propeller.  The  question  now  arises:  Is  a 
bird’s  wing  really  analogous  to  a  variable  pitch  propeller? 

Proof  of  geometrical  wing  twisting 

To  answer  this  question,  one  must  produce  proof  by  means  of  technical  measure- 
ments,  that  the  wing  is  really  twisted.  Fig.  1  confirms  this.  Here  the  upper  surface  of 
ten  different  profile  cuts  (n  =  0,  basal  cut  nearest  to  the  wing  joint;  n  =  0,  distal  cut 
,^within  the  region  of  free  feathers)  of  the  right  wing  of  a  house  sparrow  flying  freely  in 
ä  wind  tunnel  are  displayed.  The  wing  has  been  photographed  half  way  through  the 
downstroke  at  approximately  maximum  Stretching. 

Photogrammetrical  analysis  shows  (Fig.  1)  that  the  geometrical  angle  of  attack 
mcreases  from  base  to  dp  from  -3.9°  to  +20.1°.  The  geometrical  angle  of  attack  is 
defined  by  the  angle  between  the  chord  line  (broken  line)  observed  and  the  x-y  plane 
of  a  wing  fixed  System  of  Coordinates.  The  lauer  begins  at  the  proximal  end  of  the 
front  edge  of  the  wing  (pomt  55)  and  rotates  with  the  beating  wing.  Fig.  2.1  shows  the 

phase  photograph  which  was  used  to  analyse  the  beat  position  of  Fig.  1  with  points  of 
measurement  marked. 

Proof  that  the  geometrical  wing-twisting  alters  according  to  the  speed 
of  beating 

The  next  thing  to  be  shown  is  that  the  above  mentioned  parameters  alter  similarly  to 
a  variable  pitch  propeller  when  the  conditions  of  speed  change. 

Measurements  show  this  to  be  true.  During  downstroke  the  geometrical  angle  of 
attack  ttgeom  of  each  wing  section  n  alters  in  a  characteristic  way  (Fig.  2.2:  functions 
Ot^geom  (Oj  Parameter  n.  The  downstroke  begins  with  picture  30  and  ends  with  46.  The 
distance  between  two  pictures  is  1.92  milliseconds).  The  downward  beating  wing  alters 
the  direcdon  regularly.  This  is  shown  in  Fig.  3.1  with  the  angle  of  beating  (p  plotted  as  a 
function  of  the  angle  of  forward  movement  B.  The  solid,  dashed  and  dotted  curves 
represent  the  hand  joint,  the  finger  tip  and  wing  tip  respectively.  The  numbers  repre- 
sent  the  time  (picture  numbers);  compare  Fig.  2.2.  The  angle  of  beating  (p  is  an  index 
for  the  downward  movement,  the  angle  0  for  the  forward  movement  of  the  wings  (see 
Bilo,  1972,  for  exact  defimtions).  It  follows,  that  the  wmgs  beat  downwards  and  then 
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more  strongly  forwards  during  the  last  third  of  a  beating  period.  The  distance  between 
the  two  picture  numbers  gives  the  speed.  It  can  be  seen  from  Fig.  2.2  that  the  geometri- 
cal  angle  of  attack  in  the  primaries  becomes  increasingly  negative  until  t  =  37  (prona- 
tion).  Fig.  3.1  shows  that  the  vertical  component  of  speed  of  the  hand  joint  increases  up 
to  this  point.  Therefore  the  increase  in  pronation  of  the  primaries  is  coupled  with 
higher  speeds. 


Figure  1.  Curvature  and  geo- 
metrical  angle  of  attack  of  a 
house  sparrow’s  wing  which 
Grosses  frontal  plane  during 
downstroke  (see  Fig.  2.1).  The 
wing  is  divided  in  10  profile  cuts 
(No  0  at  wing  base,  No  10  near 
wing  tip).  (Figs.  1  to  3.3  after 
Brno  1971) 


Beyond  t  =  37  the  primaries  supinate  abruptly:  the  geometrical  angles  of  attack 
become  increasingly  positive.  Following  Fig.  4,  the  vertical  beating  movement  of  the 
hand  joint  brakes  abruptly  at  t  =  37.  From  this  point  onwards,  the  hand  joint  is  pulled 
forwards  and  downwards  at  a  decreasing  speed  tili  t  =  44.  Therefore  decreasing  pro¬ 
nation  is  coupled  with  decreasing  speed  which  confirms  what  I  wanted  to  prove. 


Proof  of  an  aerodynamical  advantage  of  the  direction  of  twisting 

The  question  now  arises  whether  the  geometrical  twisting  and  the  direction  of  its 
alterations  are  useful,  i.e.  do  they  have  an  aerodynamical  advantage?  Fig.  3.2  shows 
that  this  is  the  case.  The  aerodynamical  angle  of  attack  is  given  here  as  a  function  of 
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t  (picture  number) 


Figure  2.1.  A  house  sparrow’s  wing  in  position  analysed  in  Fig.  1 

Figüre  2.2.  Geometrical  angle  of  attack  (see  Fig.  1)  of  profile  cuts  1  to  10  as  a  function  of  time. 

Abscissa:  No  30  Start,  No  46  end  of  downstroke 


the  profile  number  n  and  the  time  t.  Each  curve  m  the  ot^  diagram  represents  one  angle 
of  attack  and  shows  the  distance  n  to  the  shoulder  joint  at  which  this  angle  of  attack 
occurs  during  a  downstroke  at  various  successive  points  in  the  time.  The  numbers  given 
at  the  single  curves  represent  the  a,  values  in  degrees;  solid  lines  show  positive  angles  of 
attack,  dashed  lines,  negative  angles  of  attack.  The  angle  hetween  the  chord  line  and 
the  speed  of  wind  is  defined  as  the  aerodynamical  angle  of  attack. 

Two  important  results  are  shown  by  Fig.  3.2  Firstly,  the  aerodynamical  angle  of 
attack  is  almost  always  positive,  as  we  expected.  Only  at  the  beginning  of  beating  (left) 
is  the  wing  interior  (below)  with  a,  =  -5°  slightly  negative  for  a  short  period  (left 
below). 

Secondly,  values  within  the  aerodynamically  useful  region  lie  between  small  and 
medium  angles  of  attack,  up  to  about  +20°.  Only  the  wing  tip  (top)  reaches,  towards 
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the  end  of  the  downstroke  (right),  higher  values  of  about  30°  (right  top). 

This  very  important  result  shows  that  strong  twisting  is  aerodynamically  positive. 
Over  the  entire  wing  and  during  the  whole  downstroke,  small  to  medium  aerodynami¬ 
cally  useful,  positive  angles  of  attack  are  achieved. 

Proof  of  a  periodical  change  in  camber 

The  twisted  wing  changes  its  geometrical  angles  of  attack  from  base  to  tip  regularly 
like  a  propeller  blade  and  induces  useful  aerodynamical  angles  of  attack  over  the  whole 
surface.  Like  a  variable  pitch  propeller,  the  bird’s  wing  alters  the  angles  of  attack  regu¬ 
larly  and  functionally  with  the  speed.  In  another  point,  the  wing  is  even  better  than  its 
technical  counterpart;  it  can  alter  its  camber  during  the  beating  period. 

Fig.  3.3  shows  the  change  in  profile  at  n  =  7  as  a  function  of  time.  At  the  beginning 
of  downstroke  (picture  number  30)  the  profile  is  rather  flat,  which  is  also  the  case  to- 
wards  the  end  of  the  downstroke  (picture  number  46).  However,  between  these  periods 
the  wing  drastically  alters  its  curvature. 


Figure3.1.  Downward  (ip)  —  forward  (^)  movement  of  a  sparrow’s  wing.  For  explanation  see 

text 

Figure  3.2.  Aerodynamic  angle  of  attack  of  profile  cuts  1  to  10  (see  legend  Fig.  1)  during  down¬ 
stroke  (see  legend  Fig.  2.2) 

Figure  3.3.  Change  in  camber  of  upper  curvature  of  profile  cut  No  7  during  downstroke  (see  leg¬ 
end  Fig.  2.2) 
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Some  aspects  of  aerodynamics 

Influence  of  the  Reynolds  number 

A  pigeon  with  wing  depth  1  =  0.1  m,  flying  at  v  =  10  m  s“',  has  the  Reynolds  num¬ 
ber  Re  =  V  1  v-‘  =  10  m  s“'-  •  IO“'  m  •  15-'  •  IO"-  m'  s“'  =  6.7  •  10h  A  small  aero- 
plane  with  1  =  1  m,  flying  at  180  km  h“'  (v  =  50  m  s“'),  has  the  Reynolds  number 
Re  =  3.4  •  10h  A  general  rule  is,  that  geometrically  similar  conditions  of  flow,  and 
therefore  an  aerodynamic  comparison  of  two  objects,  are  only  possible  at  (approxi- 
mately)  similar  Reynolds  numbers.  Therefore,  aeroplanes  and  birds  cannot  be  directly 
compared.  However,  it  is  possible  to  compare  wing  models  or  model  aeroplanes  and 
birds,  since  they  lie  within  the  same  Reynolds  number  ränge.  This  ränge  is  also  charac- 
terized  by  the  fact,  that  the  aerodynamic  force  coefficients  as  functions  of  the  flight 
Speed  can  drastically  alter:  this  is  the  influence  of  Reynolds  number. 

If  one  raises  the  wind  speed  and  thus  the  Reynolds  number  during  wind  tunnel 
experiments,  the  drag  coefficient  of  a  rounded  body  will  sink  drastically  after  reaching 
a  certain  critical  Reynolds  number.  The  previously  laminar  flow  of  the  boundary  layer 
Stalls  at  the  widest  parts  of  the  body  and  creates  strong  eddies.  After  exceeding  the  crit¬ 
ical  Reynolds  number,  the  boundary  layer  flow  is  turbulent.  This  means,  it  is  richer  in 
energy  and  thus  in  a  better  condition  to  compensate  the  mcrease  in  pressure  behind  the 
widest  part.  It  also  remains  attached  longer  to  the  ball  and  developes  less  drag,  because 
it  Stalls  at  a  smaller  area  of  Separation  (“Prandtl’s  ball  test”).  The  ränge  Re  <  Re„k  is 
known  as  the  “undercritical  ränge”,  the  higher  one  Re  >  Re,,,  as  the  “overcritical 
ränge”.  All  rounded  bodies  and  most  certainly  all  birds’  bodies  show  a  behaviour  simi¬ 
lar  to  that  of  the  ball  tested  by  Prandtl. 


crit  crit 


Larus 


Figure  4.  Lift  (C|)  and  drag  (cj) 
coefficients  of  a  plaster  model  of 
Larus  ridibundus  and  of  a  globe 
dependent  on  Reynolds  number 
Re  (After  Feldmann  1944) 


So  far,  this  behaviour  has  only  been  measured  on  technical,  smooth  models  of  birds. 
Fig.  4  shows  the  function  c^  (Re)  measured  at  a  =  5.1°  according  to  measurements 
made  by  Feldmann  (1944)  on  a  smooth  plaster  of  Paris  model  of  Larus  ridibundus 
(body  and  wings  in  gliding  position).  Re,,,  lies  at  1.07  •  lO^.  The  supplementary  func¬ 
tion  C|  (Re)  shows  the  sudden  improvement  of  lift  generation  after  the  “overcritical” 
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flow  conditions  have  been  reached.  Under-  and  overcritical  flow  can  also  be  established 
around  an  airfoil.  A  functioning  airfoil  of  overcritical  flow  can  reach  the  undercritical 
ränge  of  flow  when  the  speed  decreases  and  thus  the  Reynolds  number  is  reduced. 

Thus  Cimax  suddenly  decreases  and  cj  increases,  so  that  the  gliding  angle  deteriorates 
drastically.  Measurements  made  on  technical  profiles  geometrically  exactly  similar  to 
bird  profiles  showed  that  this  is  true  for  natural  profile  forms,  too  (Nachtigall  & 
Claussen,  in  prep.)- 

However,  if  one  roughens  the  profile,  especially  on  the  leading  edge,  a  change  in 
flow  from  laminar  to  turbulent,  and  therefore  overcritical  flow  can  be  achieved  already 
at  such  low  Re  numbers  at  which  the  smooth  profile  would  still  be  in  undercritical  flow 
conditions. 
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Figure  5.1.  Smoke  Separation  of 
a  flat  plate  with  and  without  für 
cover 

Figure  5.2.  Lift  polars  of  a  flat 
plate,  für  covered  on  the  suction 
and  pressure  side 

Figure  5.3.  Lift  polar  q  (a)  and 
drag  polar  (a)  of  a  bird  wing 
with  alula  spead  and  not  spread 


The  fact  that  “biologically  rough”  surface  areas  play  an  important  role  in  gliding 
flight  is  beyond  doubt.  Measurements  made  by  Nachtigall  on  the  outstreched  skin 
folds  of  the  gliding  marsupial  Petaurus  stellaris  show  the  following.  As  may  be  expected 
the  flow  on  the  upper  side  of  a  flat  metal  plate  will  separate  already  at  very  small  angles 
of  attack  at  the  leading  edge,  as  can  be  seen  from  the  smoke  tunnel  pictures  in  Fig.  5.1. 


Nachtigaij, :  Wing  Movement 
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If  One  glues  the  flight  skin  of  Petaurus,  in  the  right  direction,  to  this  metal  pJate,  the 
flow  will  remain  completely  attached  up  to  a  «  6  —  8°  and  partly  attached  up  to 

a  «  20  .  This  results  in  higher  q  values  and  a  more  suitable  polar  without  the  hard 
descent  after  q,,,  (Fig.  5.2). 

Fore-wings  as  high  lift  devices 

Technical  fore-wings  attain  extremely  high  q  values,  up  to  q  =  2.2  and  continue  to 
function  at  extremely  high  angles  of  attack,  up  to  a  =  30°.  The  cause  for  this  behav- 
iour  lies  in  the  influence  of  the  flow  Streaming  through  the  slit  on  the  boundary  layer. 
Whether  the  spread  primaries  of  a  bird  will  display  such  an  effect,  as  may  be  expected, 
cannot  as  yet  be  definitely  decided.  However,  the  effect  of  a  biological  “fore-wing”, 
namely  the  alula,  is  certain.  Düring  starting,  landing  and  flying  in  curves,  when  the 
danger  of  stallmg  due  to  too  high  angles  of  attack  is  acute,  the  alula  is  streched  out. 
Lift  will  be  improved  by  10  —  20  %  and  Cin,^,;  will  be  expanded  to  larger  angles  (Nachti¬ 
gall  &  Kempf,  1971).  Greater  effects  are  no  doubt  achieved  by  the  extra  large  alulae  of 
the  Storks  and  herons  which  must  fly  at  high  angles  of  attack  during  near  hovering 
flight  in  descending  to  the  nest.  Furthermore,  it  may  definitely  be  assumed  that  the 
alula  plays  an  important  role  during  beating  and  gliding  flight. 

Research  on  bird  flight  is  still  very  much  in  progress  even  though  certain  important 
pomts  have  already  been  successfully  dealt  with.  The  same  can  be  said  of  the  research 
on  energetics  of  bird  flight  (Rothe  &  Nachtigall,  1980).  Further  Cooperation 
between  biologists,  physicists  and  engineers  will  be  necessary  before  the  most  impor¬ 
tant  questions  on  bird  flight  can  be  solved. 
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Kinematik  und  Energetik  des  Rüttelfluges  mittelgroßer  Vögel 

Holger  H.  Dathe  und  Hans  Oehme 


Problemstellung 

Das  Standschweben  als  ideale  Form  des  Rüttelfluges  bei  Windstille  erscheint  analy¬ 
tisch  leicht  zugänglich,  weil  das  Gewicht  die  einzige  dabei  zu  kompensierende  Kraft 
ist.  Hertel  (1963)  hat  die  Verhältnisse  beim  rüttelnden  Kolibri  in  Analogie  zum  Hub¬ 
schrauber  mit  der  Annahme  eines  stationären  Hubstrahls  nachgebildet.  Sein  Modell  ist 
später  von  Pennycuick  (1968),  Weis-Fogh  (1972,  1973)  und  Norberg  (1975)  modifi¬ 
ziert  bzw.  auch  auf  andere  Vögel  übertragen  worden.  Die  Ergebnisse  dieser  Arbeiten 
lassen  aber  auch  Zweifel  an  der  universellen  Gültigkeit  des  einfachen  Hubstrahl- 
Modells  zu.  Im  Gegensatz  zum  Rüttelspezialisten  Kolibri  muß  bei  anderen  Vögeln  die 
Möglichkeit  instationärer  Verhältnisse  stärker  beachtet  werden.  So  gibt  es  bei  ihnen 
höchstwahrscheinlich  keine  kontinuierliche  Krafterzeugung  über  den  ganzen  Schlag¬ 
zyklus,  denn  in  Ab-  und  Aufschlag  ändern  sich  die  Flügelgeometrie  und  die  kinemati¬ 
schen  Größen.  Die  Massen  der  wirkenden  Muskeln  sind  sehr  unterschiedlich. 

Die  vorliegende  Studie  versucht  eine  günstigere  Annäherung  an  die  realen  Verhält¬ 
nisse  durch  die  Zerlegung  des  Bewegungsablaufs  in  Teilphasen,  die  jede  für  sich  nach 
den  Prinzipien  der  stationären  Aerodynamik  behandelt  werden.  Das  Verfahrensprinzip 
wird  am  Beispiel  zweier  gemeiner  Vogelarten  (Columba  livia  und  Larus  ridibundus) 
demonstriert,  und  erste  Ergebnisse  werden  mitgeteilt.  Eine  ausführliche  Darstellung 
unter  Einbeziehung  weiterer  Arten  bleibt  einer  späteren  Publikation  Vorbehalten. 

Material  und  Meßwertermittlung 

In  die  Berechnungen  gingen  die  Durchschnittswerte  aller  erforderlichen  morpholo¬ 
gischen  und  kinematischen  Daten  ein.  Für  jede  Art  wurde  ein  „Standardvogel“  ermit¬ 
telt,  der  zumindest  für  die  Herkunftspopulation  als  repräsentativ  anzusehen  ist.  Die 
kinematischen  Basisdaten  wurden  an  freifliegenden  Tieren  ermittelt.  Morphologische 
Daten  waren;  Körpermasse,  Masse  der  Flugmuskeln  (M.  pectoralis/M.  supracora- 
coideus,  M.  deltoideus  major),  Länge  des  gestreckten  Flügels  und  des  Handflügels, 
Umrißgeometrie  des  Flügels  (Flügeltiefenverteilung). 

Kinematische  Daten  waren:  Schlagwinkel,  V-Winkel,  Winkelgeschwindigkeit  des 
Flügels,  Zeitmuster  der  Schlagphasen. 

Zur  Methodik  vgl.  auch  Dathe  &  Oehme  (1978). 

Rüttelbewegung  von  Haustaube  und  Lachmöwe 

Bei  beiden  Arten  kann  der  Schlagzyklus  in  gleicher  Weise  in  6  Phasen  unterteilt  wer¬ 
den  (Abb.  1  und  2):  Abschlag  und  Aufschlag,  die  jeweils  noch  in  einen  forcierten 
Abschnitt  (1)  und  einen  trägheitsbedingten  „Ausschwingabschnitt“  (2)  zu  trennen  sind, 
sowie  zwei  Umkehrphasen.  Der  Abschlag  1  wird  mit  gestrecktem  Flügel  von  oben  hin- 

Akademie  der  Wissenschaften  der  DDR,  Forschungsstelle  für  Wirbeltierforschung  (im  Tierpark  Berlin), 
DDR-1 136  Berlin,  Am  Tierpark  125. 
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Columba  livia 


Abb.  1.  Schema  der  Bahnkurve 
der  Flügelspitze  in  Seitenprojek¬ 
tion  (Drehpunkt  vertikal  ver¬ 
setzt).  Im  Aufschlag  ist  der 
Handflügel  aufgefächert.  Die 
Schlagphasen  1  sind  forciert, 
Schlagphasen  2  passiv  (Aus¬ 
schwingen  infolge  Massenträg¬ 
heit).  ß  =  Neigung  der  Schlag¬ 
bahnebene,  V  =  V-Winkel  des 
Flügels  gegen  die  Ebene  des 
Kegelgrundkreises. 


Abb.  2.  Schema  der  Flügelbewe¬ 
gung  in  der  Schlagbahnebene. 
Oben  Aufschlag,  unten 
Abschlag  ausgeführt,  r^  =  Bahn 
des  „wirksamen  Radius“,  (p^  und 
(pu  =  oberer  bzw.  unterer  Flü¬ 
gelwinkel  (nur  für  Ab-  und  Auf¬ 
schlag  1  eingezeichnet). 


ten  auf  einer  um  den  Winkel  ß  geneigten  Schlagbahn  nach  vorn  unten  geführt.  Der 
Flügel  ist  dabei  um  den  V-Winkel  v  gehoben,  so  daß  er  den  Teil  eines  Kegelmantels 
überstreicht.  Bis  zur  vorderen  Endlage  schwingt  der  Handflügel  allein  weiter,  während 
der  Armflügel  stehenbleibt  (Abschlag  2).  In  der  vorderen  Umkehrlage  wird  der  Flügel 
weiter  gebeugt,  sehr  schnell  supiniert  und,  senkrecht  gestellt,  nach  oben  geführt.  Im 
Aufschlag  1  wird  der  gebeugte  Flügel  bei  stark  gespreizten  Handschwingen  um  das 
Schultergelenk  zurückgedreht.  Die  getrennten  Handschwingen  wirken  dabei  vermut¬ 
lich  wie  ein  Mehrdecker.  Am  Ende  der  Drehung  löst  sich  der  Handteil  aus  der  starren 
Verbindung  mit  dem  Arm  und  schwingt  passiv  weiter  (Aufschlag  2).  In  der  oberen 
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Umkehrlage  wird  der  Arm  durchgestreckt  und  der  Flügel  in  die  Ausgangsposition  des 
Abschlags  gehoben.  Diese  Rüttelweise  entspricht  dem  Typ  1  bei  Dathe  &  Oehme 


(1978). 


Prinzip  des  Berechnungsverfahrens 

Abschätzung  der  Strahlgeschwindigkeit  (v^) 

Im  Standschweben  spielt  die  durch  den  Flügel  erzeugte  axiale  Zusatzgeschwindig¬ 
keit  für  die  effektive  Anblasgeschwindigkeit  eine  entscheidende  Rolle.  Sie  wurde, 
getrennt  für  Ab-  und  Aufschlag,  aus  den  jeweiligen  Hubkräften  Fh  berechnet,  wobei 
2Fh  •  X  =  G. 

G 

Vk'  ab(  Ak  ab  1  Ub  1  +  Ak  ab  2  Xgb  2)  +  Vk'auf  (Ak  auf  1  Xguf  1  +  Ak  auf  2  Uuf  2  )  = 

Die  Strahlleistungen  sollen  sich  auf  Auf-  und  Abschlag  verteilen  wie  die  jeweils  betei¬ 
ligten  Muskelmassen.  Es  wird  vorausgesetzt,  daß  Abschlags-  und  Aufschlagsmuskeln 
die  gleiche  spezifische  Leistungsfähigkeit  haben. 

Psiabl  Ak  ab  Hab  1  ’Yk  ab  ntab 

Pst  auf  1  Ak  auf  1  ^auf  1  ‘Yk  auf  ^lauf 

Vk  ist  die  Durchtrittsgeschwindigkeit  durch  die  vom  Flügel  überstrichene  Fläche.  Sie  soll 
in  jedem  Falle  senkrecht  zur  Schlaggeschwindigkeit  stehen  (Abb.  3),  muß  aber  mit  dem 
V-Winkel  v  korrigiert  werden.  Die  Durchtrittsgeschwindigkeiten  Vkab  und  Vkauf  wurden 
mit  einem  Suchprogramm  unter  den  genannten  Voraussetzungen  ermittelt. 


Abb.  3.  Plan  der  Geschwindig¬ 
keiten  und  Kräfte  am  Flügelele¬ 
ment.  Die  Umfangskraft  Fy  ist 
gemäß  dem  Schlagwinkel  (p  zu 
korrigieren;  ein  V-Winkel  v 
beeinflußt  den  wirksamen  Anteil 
der  Schubkraft  Fg  und  über  eine 
entsprechende  Zentripetalkraft 
Fz  auch  Fy.  Die  Neigung  der 
Schlagbahnebene  ß  bestimmt 
entscheidend  das  Verhältnis 
zwischen  Vertikal-  und  Hori¬ 
zontalkraft  (FvT)  Fhz)-  Vk  = 
Durchtrittsgeschwindigkeit,  u 
=  Schlaggeschwindigkeit,  w  = 
resultierende  Anblasgeschwin¬ 
digkeit. 


Dathe  &  Oehme:  Rüttelflug 
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Kräfte  am  Flügel 


Das  in  den  Abb.  1  3  am  Beispiel  des  Abschlages  1  der  Haustaube  skizzierte  Prinzip 

gilt  sinngemäß  für  alle  Phasen  des  Ab-  und  Aufschlages  bei  beiden  Arten.  Abb.  3  veran¬ 
schaulicht  Kräfte  und  Geschwindigkeiten  am  Flügel. 

Die  resultierende  Anblasgeschwindigkeit  w  ergibt  sich  aus  der  korrigierten  Durch¬ 
trittsgeschwindigkeit  v^/ cos  V  und  der  Schlaggeschwindigkeit  u  =  o)  r  cos  v  zu 
w"  =  u“  -l-Vk“/cos‘V  =  (O^r^cos^v  -t- V|<^/cos  ^  v  . 

Aus  der  Grundbeziehung  F;^  =  G  ^2^^  berechnet  sich  der  Quertrieb  F^  für  ein  Flü¬ 
gelelement  nach 

cIFa  =  Ca Y  dA  (vkVcos  ‘  V  -P  0)  H  Qos  ^  V  ) 

~  f  (0  dr  (f  (r)  ist  die  Flügeltiefenverteilung) 

^Fa  =  Cgy  [(vk‘/ cos  ■  v)  f  (r)  dr  -P  CO  ^  r  ^  cos  ^  V  f  (r)  dr  ] 


Konstantes  Cg  über  R  vorausgesetzt,  gilt  für  den  gesamten  Flügel 

P  r  R 

Vk V cos  ^  V  5  f  (r)  dr  -P  (0  ^  cos  ^  v  J  r  ^  f  (r)  dr 
0  0 


Fa  =  CgK 


Das  erste  Integral  in  der  Klammer  ist  die  Flügelfläche,  das  zweite  ist  das  Flächenträg¬ 
heitsmoment  I  des  Flügels,  das  auch  den  „wirksamen  Radius“  r^  liefert:  r«-=  I/A. 

Der  Flügelwiderstand  wird  über  die  Gleitzahl  e  =  c^/Cg  eingeführt.  Daraus  ergeben 
sich 


die  resultierende  Luftkraft  Fr  =  Fa  ]/l  -P  eQ 

die  Umfangskraft  Fy  =  Fr  sin  (y  +  6)  und 

die  Schubkraft  Fs  =  Fr  cos  (y  +  5),  wobei 

8  =  tanY,  Vk/(ur^cosv)  =  tan8  . 

Diese  Kräfte  müssen  korrigiert  werden,  bevor  sie  in  die  Bilanz  der  horizontalen  und 
vertikalen  Kräfte  eingehen.  Durch  den  V-Winkel  v  reduziert  sich  die  Schubkraft  paral¬ 
lel  zur  Sagittalebene  auf  Fs'=  Fs  cos  V,  es  entsteht  aber  in  Richtung  auf  den  Drehpunkt 
eine  Schubwirkung  Fz  =  Fs  sin  v  (Zentripetalkraft).  Die  mittlere  wirksame  Fz  beträgt 
parallel  zur  Sagittalebene 

/  1  —  cos(po  1  —  costpa 

Fz  =  Fz  - + - 

\  (Po  (pu 


(wenn  (po  und  (p^  verschiedene  Vorzeichen  haben;  s.  Abb.  2).  (p^  und  (p^,  die  gegen  die 
Sagittalebene  gemessenen  Winkel  der  Flügelstellung  am  Beginn  und  Ende  der  Schlag¬ 
phase,  korrigieren  auch  Fy  (vgl.  Oehme  &  Kitzler,  1975  p.  439): 


(Po-(pu 

Die  schließlich  wirkende  mittlere  Umfangskraft  ist 

Fu"  ==  Fu'  -  Fz' 

Die  korrigierte  Resultierende  Fr'  ergibt  sich  aus 

(FR')2  =  (FG')2-p(Fs')^ 


388 


SYMPOSIUM  ON  FLICHT 


ihre  vertikale  b?\\  horizontale  Komponente  nach 

Fvt  =  Fr'  sin  (ß  +  -9)  und 

Fhz  =  Fr'  cos  (ß  +  9) ,  wobei  tan  9  =  Fs'/Fy"  • 

Kräfte-  und  Leistungsbilanz 

Für  das  Standschweben  gilt  2  Fvt  t  =  G  und  2  Fhz  t  =  0.  Dabei  ist  t  der  Zeitanteil 
des  Zyklusabschnittes,  bezogen  auf  die  Zyklusdauer.  Bei  gleicher  spezifischer  Lei¬ 
stungsfähigkeit  der  beteiligten  Muskeln  ist  weiter  zu  fordern: 

Pab  1  1  ^^^ab  rnpggj 

Pauf  1  ^auf  1  '^auf  ”b  m^) 

mpect  =  Masse  des  M.  pectoralis,  ms  -t-  mp  =  Massen  des  M.  supracoracoideus  plus  M. 
deltoideus  major. 

Die  aktuelle  Leistung  der  Schlagphase  ist  P  =  F^  (ö  r,v- 

Mit  Ffilfe  eines  Computers  wurden  für  Cg,  c^  und  ß  Wertekombinationen  gesucht,  die 
für  die  gemessenen  bzw.  berechneten  morphologischen  und  kinematischen  Daten  des 
Standardvogels  die  oben  genannten  Bedingungen  erfüllen  (Tabelle  1). 


Tabelle  1.  Quertriebsbeiwerte  (Cg),  Widerstandsbeiwerte  (c^)  und  Neigungswinkel  der  Schlag¬ 
bahnebene  (ß)  im  Ergebnis  der  Kräfteausgleichsrechnung 


Abschlag 

Aufschlag 

Abschlag  1 

Cw 

Ca 

Cw 

ß 

Flaustaube 

2,8 

0,42 

0,5 

0,12 

30,3° 

Lachmöwe 

2,1 

0,26 

0,2 

0,06 

33,2° 

Diskussion 

Die  Quertriebsbeiwerte  des  Abschlags  fallen  sehr  hoch  aus.  Bei  technischem  Flug¬ 
gerät  wären  dafür  Hochauftriebsmittel  erforderlich;  Vogelflügel  sollten  auf  überhaupt 
erreichbare  maximale  Cg-Werte  hin  experimentell  untersucht  werden.  Die  Widerstands¬ 
beiwerte  sind  demgegenüber  möglicherweise  etwas  zu  niedrig,  im  ganzen  aber  dürfte 
ihre  Größenordnung  zutreffen.  Gemessene  Werte  für  ß  streuen,  sind  aber  etwas  kleiner 
als  die  berechneten.  Hier  kann  ein  leichter  Wind  <0,5  m/s  von  Einfluß  sein.  Die  Ver¬ 
stellung  der  Schlagbahnebene  ist  offenbar  für  den  Vogel  eine  empfindliche  Steuerungs¬ 
möglichkeit  bei  sonst  wenig  variablen  Bewegungsparametern. 

Tab.  2  und  Abb.  4  zeigen  die  Rüttelleistungen  und  ihren  Zusammenhang  mit  den 
Leistungen  im  Streckenflug  (Flugleistungen  nach  Oehme  et  ah,  1977).  Die  Leistungen 
des  Standschwebens  liegen  durchgängig  über  den  maximalen  Dauerleistungen.  In  ihrer 
absoluten  Größe  unterstützen  sie  nachdrücklich  die  Vermutung,  daß  diese  Vögel  beim 
Flug  auf  der  Stelle  tatsächlich  bis  an  die  Grenze  ihres  Leistungsvermögens  gehen  müs¬ 
sen.  Die  ermittelten  Werte  bewegen  sich  dabei  im  Bereich  der  von  Vögeln  bekannten 
Muskelleistungen.  Durch  Extrapolation  der  Rüttelleistung  auf  die  rechte  Teilparabel 
der  Abb.  4  ergeben  sich  folgende  Höchstgeschwindigkeiten: 

Haustaube  21,3  m/s  «  77  km/h 
Lachmöwe  17,7  m/s  «  64  km/h 
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Abb.  4.  Spezifische  Leistung  in 
Abhängigkeit  von  der  Flugge¬ 
schwindigkeit  bei  Haustaube 
und  Lachmöwe.  Abschlagslei¬ 
stung  oben  bezogen  auf  die 
Masse  des  M.  pectoralis,  unten 
bezogen  auf  die  Körpermasse. 
Die  schraffierten  Kurvenberei¬ 
che  zwischen  Vp^in  und 
Vmax  (Dauer)  sind  experimentell 
ermittelt  (Oehme  et  al.,  1977), 
ebenso  nun  die  Rüttelleistung; 
dazwischenliegende  Werte  sind 
durch  Parabeln  2.  Grades  ange¬ 
nähert.  Unter  der  Vorausset¬ 
zung,  daß  die  Rüttelleistung  die 
höchstmögliche  ist,  ergibt  sich 
die  Höchstgeschwindigkeit 
durch  Extrapolation  auf  die 
rechte  Teilparabel. 


Zumindest  die  Haustaube,  von  der  man  steile  Steigflüge  kennt,  scheint  noch  über 
einige  Reserven  zu  verfügen,  die  auch  eine  noch  höhere  erlauben  könnten.  Die 
Ergebnisse  sind  aber  für  sich  und  in  ihrer  Relation  glaubhaft  und  können  für  den  Ver¬ 
gleich  beider  Arten  als  erste  Näherung  gelten.  Nachfolgende  Untersuchungen  wären 
notwendig  zur  Ergänzung  des  Leistungs-Geschwindigkeitsdiagramms  in  den  hypothe¬ 
tischen  Bereichen.  In  den  bisherigen  Analysen  wurde  auch  die  zusätzliche  Leistung  bei 
der  Beschleunigung  des  Flügels  am  Beginn  der  Schlagphasen  und  ihr  Einfluß  auf  die 
Gesamtleistung  noch  nicht  berücksichtigt.  Das  hier  erprobte  Modell  dürfte  aber  auch 
dafür  geeignete  Ansatzpunkte  bieten. 


Tabelle  2.  Spezifische  Leistungen  von  Haustaube  und  Lachmöwe  im  Rüttelflug 


Pab'C 

(Lab  T  Lauf)  ^ 

Pabt 

Prütt 

Prütt 

m 

m 

mpect 

P  . 

^  min 

p 

^  max  (Dauer) 

[W/kg] 

[W/kg] 

[W/kg] 

Haustaube 

45,94 

54,26 

247,87 

2,52 

1,45 

Lachmöwe 

33,37 

37,29 

218,24 

2,78 

1,88 

Summary 

Calculation  of  forces  and  power  of  hovering  flight  in  Columba  livia  and  Lärm  ridibundm  was 
performed  by  dividing  the  wing  beat  cycle  into  phases  defined  by  kinematical  and  geometrical 
data  of  the  wing,  the  phases  themselves  being  treated  on  principles  of  steady  aerodynamics.  Aver¬ 
age  values  from  morphological  measurements  and  from  analyses  of  slow  motion  films  were  used 
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for  a  “typical  bird”  of  the  species  concerned.  Aerodynamic  coefficients  of  the  wing  were  determi- 
ned  on  the  conditions  of  equilibrium  of  forces  and  the  given  ratio  power  of  downstroke/power  of 
upstroke  ratio  of  masses  of  the  acting  flight  muscles).  Results  coincide  with  aerodynamic 
knowledge  and  give  rise  to  Statements  on  avian  flight  capacity. 
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The  Aerodynamic  Characteristics  of  Slotted  Wing-tips  in  Soaring  Birds 

Dietrich  Hummel 

Introduction 

In  gliding  flight  a  large  number  of  medium  and  large-sized  birds,  such  as  for 
instance  crows  (Corvidae),  hawks  (Accipitridae),  storks  (Ciconiidae),  cranes  (Grui- 
dae),  pelicans  (Pelecanidae),  pheasants  (Phasianidae)  and  bustards  (Otididae),  show 
distinctly  split  wing-tips.  The  wings  of  birds  of  these  families  have  a  relatively  short 
span,  large  chord  and  thus  a  small  aspect  ratio.  On  the  other  hand  swallows  (Hirun- 
dinidae),  swifts  (Apodidae)  and  all  seabirds,  such  as  for  instance  albatrosses  (Diome- 
deidae),  gannets  (Sulidae),  fulmars  and  shearwaters  (Procellariidae)  and  gulls  (Lari- 
dae),  have  high  aspect  ratio  wings  with  pointed  wing-tips  which  are  not  split.  In  flap- 
ping  flight  an  even  larger  number  of  bird  families  shows  split  wing-tips  in  certain 
periods  of  the  flapping  cycle,  but  this  complicated  flight  condition  (Bilo,  1971,  1972; 
Hummel  &  Möllenstädt,  1977)  will  not  be  investigated  here. 


Figure  1.  Winglets  at  the  wing-tip  of  a  Marabou  (Leptoptilus  crumeniferus)  in  gliding  flight,  after  a 
photo  by  G.  RUppell.  Notice  that  the  wing-plan  is  slotted,  the  winglets  are  staggered  in  height, 

the  two  uppermost  and  leading  winglets  are  twisted. 

The  geometric  shape  of  slotted  wing-tips  has  been  described  comprehensively  by 
Graham  (1932).  Recent  quantitative  additions  are  due  to  Oehme  (1977).  The  wing 
consists  of  an  entire  inner  part  and  of  the  tip  region  divided  into  several  winglets.  The 
wing  plan  is  therefore  split  up.  The  winglets  are  bent  upwards  and  forwards  by  aerody¬ 
namic  forces  and  some  of  them,  especially  those  near  the  wing’s  leading  edge,  are 
twisted  in  such  a  way  that  their  geometrical  angle  of  incidence  increases  in  distal  direc- 
tion.  A  certain  geometric  detail,  however,  has  been  overlooked  so  far  and  has  to  be 
added  here,  namely  that  the  bent  up  winglets  are  staggered  in  height  as  shown  in  Fig.  1. 

Institut  für  Strömungsmechanik  der  Technischen  Hochschule,  3300  Braunschweig,  Bundesrepublik  Deutsch¬ 
land 
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Existing  explanations 

For  the  explanation  of  the  aerodynamic  function  of  slotted  wing-tips  a  direct  com- 
parison  with  technical  Solutions  is  not  possible,  since  slotted  wing-tips  are  not  used  for 
wings  of  aircraft.  Nevertheless  some  details  of  slotted  wing-tips  have  been  put  into 
relation  to  devices  of  man-made  wings  and  this  led  to  certain  explanations  of  the  mean- 
ing  of  slotted  wing-tips.  The  most  important  of  them  are: 

Slotted  wing-tips  look  like  a  multi-airfoil  System  which  bas  been  proposed  by 
Handley  Page  (1921)  and  Betz  (1922)  and  others  to  increase  the  maximum  lift  coeffi- 
cient  of  two-dimensional  airfoils.  In  Order  to  get  this  effect,  however,  the  small  airfoils 
must  lie  very  dose  together.  In  bird  wings  this  is  only  true  for  the  Alula  spuria  which 
Works  as  a  high  lift  device  as  described  by  Graham  (1932)  and  later  by  Nachtigall  & 
Kempf  (1971).  But  the  slotted  wing-tips  might  not  work  as  a  high-lift  device  for  two 
main  reasons:  Firstly,  the  distance  between  the  winglets  is  too  large,  especially  at  their 
tips,  in  Order  to  obtain  a  multi-airfoil  effect.  Secondly,  in  unswept  wings  with  rounded 
wing-tips  at  high  angles  of  attack,  flow  Separation  Starts  at  the  highly  loaded  inner 
parts  of  the  wing.  Therefore  high-lift  devices  should  be  arranged  there  rather  than  in 
the  lesser  loaded  outer  parts  of  the  wing,  where  the  local  lift  coefficient  tends  to  zero  at 
the  wing-tip. 

Slotted  wing-tips  might  be  a  device  to  reduce  the  drag  of  the  wing.  This  explanation 
has  also  been  proposed  originally  by  Graham  (1932)  and  has  been  supported  later  by 
Hertel  (1963)  and  Oehme  (1977).  The  drag  D  of  a  wing  consists  of  the  drag  due  to 
friction  Df  at  the  wing  surface  and  of  the  induced  drag  Dj  which  is  due  to  the  finite 
span  of  the  wing  and  which  depends  for  a  given  plane  on  the  spanwise  distribution  of 
local  lift: 

D  =  Df-t-Di.  equ.  (1) 

Slitting  the  wing-tips  leads  to  an  increase  of  friction  drag  Df,  since  the  number  of 
leading-edges  is  increased  in  the  tip-region,  and  the  contribution  of  the  neighbourhood 
of  a  leading-edge  to  the  drag  is  larger  than  that  of  more  rearward  located  parts  of  a 
surface,  see  e.g.  Schlichting  &  Truckenbrodt  (1967/69).  For  a  plane  wing  of  given 
lift  L  and  span  b  Munk  (1919)  bas  shown  that  a  minimum  of  induced  drag 

(q  =  p  V^/2,  p  density  of  the  air,  V  flight  speed)  exists.  All  wings  can  fly  and  do  fly  very 
dose  to  this  Optimum  by  means  of  a  proper  combination  of  plane  shape  and  spanwise 
distribution  of  twisting  angle.  Therefore,  Splitting  the  wing-tips  into  an  arrangement  of 
tandem  winglets  situated  in  the  plane  of  the  main  wing  cannot  lead  to  a  reduction  of 
induced  drag  below  the  value  according  to  equ.  (2).  This  has  been  proved  by  Newman 
(1958)  and  tbe  calculations  presented  by  Oehme  (1977)  are  in  contradiction  to  these 
principles  of  aerodynamics. 

However,  the  induced  drag  of  a  wing  can  be  reduced  below  the  value  of  equ.  (2)  by 
means  of  staggering  the  lifting  System  in  height.  Such  a  non-planar  lifting  System  has 
been  used,  for  instance,  in  biplanes.  Tbe  effect  has  been  described  by  Prandtl  (1923). 
Tbe  possible  drag  reductions  are  moderate.  In  modern  aircraft  this  possibility  of  reduc¬ 
tion  of  induced  drag  is  no  longer  used,  because  the  same  effect  can  be  achieved  by  a 
slight  enlargement  of  the  wing  span,  see  equ.  (2).  The  wing  span  of  birds  having  slotted 
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wmg-tips  IS  probably  limited  for  non-aerodynamic  reasons.  In  this  case  staggering  of 
^  ^  height  in  the  wing-tip  region  seems  to  be  an  ultimate  means  to 

reduce  the  induced  drag  to  its  lowest  possible  value.  This  effect  will  be  discussed  by 
means  of  aerodynamic  theory  and  by  wind-tunnel  experiments. 


Aerodynamic  theory 

The  aerodynamic  characteristics  of  wings  with  slotted  wing-tips  have  been  investi- 
gated  by  means  of  aerodynamic  theory.  The  calculations  have  been  performed  using  a 
numerical  panel  method  such  as,  for  instance,  described  by  Kraus  &  Sacher  (1973). 

In  Fig.  2  a  typical  example  is  shown  for  the  drag  characteristic  of  a  rectangular  wing 
of  aspect  ratio  A  =  4sVS  =  4  (s  =  semi-span,  S  =  wing  area),  the  wing-tips  of  which  are 
spht  at  a  shtting  ratio  r\^  =  yjs  into  n  winglets  of  equal  chord-length.  Firstly  for  all 
plane  configurations  (6|,t  =  0)  with  arbitrary  values  for  n  and  T]o  including  the  limiting 
cases  of  n  tandem  winglets  (rio  =  0),  the  induced  drag  D;  is  larger  than  the  minimum 
value  Din,  accordmg  to  equ.  (2).  The  ratio  ^  is  dose  to  unity  and  depends  slightly 
on  the  number  of  winglets  n  and  on  the  slitting  ratio  T],.  Another  plane-effect,  which  is 
not  shown  here,  is  the  considerable  rearward  shift  of  the  local  aerodynamic  center  in 
the  slotted  tip-region  of  the  wing,  which  leads  to  an  increase  in  longitudinal  stability. 
This  is  a  first  effect  of  slotted  wing-tips,  which  might  be  used  by  birds. 


Figure  2.  Theoretical  induced 
drag  characteristics  of  wings 
with  slotted  wing-tips  for  planar 
(5|  (  =  0°)  and  non-planar  (S| 
t=d:20°)  configurations  (n  = 
number  of  winglets,  r|o  =  yQ/s  = 
slitting  ratio,  A  =  4sVS  =  4.0  = 
aspect  ratio  of  outer  rectangular 
wmg). 


Fig.  2  mdlcates  the  results  for  non-planar  lifting  Systems.  In  these  calculations,  the 
leading  winglet  was  set  at  5,=  -f-20°  and  the  trailing  winglet  at  6^  =  _20°.  For  n>2 
winglets  the  angle  A5  =  6|  — 6,  has  been  divided  into  equal  parts  A5/(n— 1).  The  results 
mdicate  a  reduction  of  induced  drag  which  mcreases  with  decreasing  slitting  ratio  as 
well  as  with  increasing  number  of  winglets  n.  If  the  stagger  angle  5  is  increased,  the 
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induced  drag  reaches  a  minimum,  which  depends  on  the  number  of  wmglets  and  on  the 
slitting  ratio.  For  n  =  3  and  t1o  =  0.7  its  value  is  Di/Dim  =  0.86  at  6i  [  =  ±35  .  This  is  a 
second  effect  of  slotted  wing-tips.  The  possible  drag  reduction  is  moderate. 

Another  result  of  these  calculations,  which  is  not  shown  here,  are  very  large  local  hft 
coefficients  which  occur  in  the  basal  region  of  the  wmglets  located  dose  to  the  wmg 
leading  edge.  Flow  separations  at  these  winglets  would  reduce  the  benefit  of  drag 
reduction.  Therefore  the  winglets  should  be  pointed  as  well  as  twisted  in  such  a  way 
that  their  geometric  angle  of  mcidence  decreases  proximally.  These  details  are  observed 
in  wmgs  of  birds,  see  Fig.  1.  It  turns  out  that  the  drag  reduction  may  only  be  achieved 
by  a  proper  arrangement  of  the  winglets. 

Experimental  investigations 

Measurements  have  been  carried  out  in  the  1.3  m  wind-tunnel  of  the  Institut  für 
Strömungsmechanik  at  the  Technische  Universität  Braunschweig.  Some  results  are 
shown  in  Fig.  3. 


Figure  3.  Experimental  lift-drag-characteristics  of  wings  with  slotted  wing-tips  for  planar 
(5^  3  ^  =  0°/0°/0°)  and  non-planar  (5a,b,c= +20°/0°/  — 20°)  configurations.  (Number  of 
winglets  n  =  3,  slitting  ratio  rjo  =  yo/s  =  0.7 1 4,  aspect  ratio  of  outer  rectangular  wing  A  =  4.0). 

0  A  Rectangular  wing,  A  =  4.0 

@  O  Slotted  tips;  5a,  b,c  =  0°/'2°/0°;  8a,  B,c  =  0°/0°/0° 

(3)  O  Slotted  tips;  5a.  B,  c  =  >  ^A,  B,  c=  ■“  10°/““5°/0° 

@  •  Slotted  tips;  5a,  B,  c  =  20°/0°/  — 20°  ;  8a,  B.  c=  “  U°/  —  5°/0° 


The  model  consisted  of  an  inner  rectangular  wing  which  could  be  equipped  at  each 
wing-tip  with  up  to  3  winglets.  The  slitting  ratio  was  rio  =  0.714  and  the  aspect  ratio  of 
the  unslitted  outer  rectangular  wing  was  A  =  4.0.  The  main  wing  and  the  winglets  had 
symmetrical  airfoil  sections  NACA  0015.  The  winglets  were  pointed  from  21/7  at  their 
basis  to  1/7  at  their  tip  (l  =  chord  of  the  inner  wing)  and  could  be  arranged  at  certain 
stagger  angles  5  and  at  twisting  angles  c  which  were  constant  along  their  span. 

In  Fig.  3  the  drag  coefficient  Cd  is  plotted  versus  the  lift  coefficient  c,  (cd  =  2D/ pV-S; 
C|  =  2L/pV2S)  for  different  configurations.  The  unslit  rectangular  wing  (curve  1)  has 
the  lowest  drag  coefficients  Cp.  Slitting  the  wmg-tips  (curves  2,  3,  4)  increases  the  drag 
coefficient  at  zero  lift  due  to  increased  friction  drag  as  mentioned  earlier.  Slitting  the 
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g  tips  into  a  plane,  untwlsted  System  of  winglets  (curve  2)  leads  to  an  increase  of 
drag  and  a  reduction  of  maximum  lift  coefficient  because  of  flow  separations  at  the 
winglets.  These  effects  have  been  clearly  identified  by  means  of  flow  vizualisation  tech- 
niques.  For  the  plane  System  of  winglets  these  flow  separations  can  be  avoided  by  a 
proper  twisting  angle  e  at  each  winglet.  It  turns  out,  that  the  best  arrangement 
winglets  in  the  plane  of  the  main  wing  has  a  slightly  larger  drag  coefficient 
and  about  the  same  maximum  lift  coefficient  as  an  unslit  rectangular  wing.  This  means 
that  a  tandem  arrangement  of  winglets  has  no  significant  effect  on  the  lift  and  drag 
characteristics.  If,  however,  the  winglets  are  staggered  in  height  at  the  same  Optimum 
arrangement  of  twisting  angles  e  (curve  4),  the  drag  is  reduced  by  the  same  amount  as 
indicated  by  the  theoretical  predictions  according  to  chapter  3. 

In  a  second  graph  m  Fig.  3  the  lift  coefficient  c,  is  related  to  the  quantity  Cq/ci^^^ 
which  IS  proportional  to  the  velocity  of  sinking  in  the  case  of  a  gliding  flight.  It  turns 
out  from  the  experiments  that  the  minimum  value  of  the  velocity  of  sinking  is  consider- 
ably  reduced  by  staggering  the  winglets  at  the  wing-tip  in  height. 

The  drag  reduction  according  to  the  measurements  (Fig.  3)  lies  in  the  same  Order  of 
magnitude  as  predicted  by  the  theory  (Fig.  2).  The  values  are  not  directly  comparable 
because  of  the  shght  differences  in  geometry.  Fig.  3  shows  also  that  the  moderate  drag 
reduction  can  only  be  obtained  by  a  proper  adjustment  of  the  winglets. 


Discussion 

The  present  theoretical  and  experimental  investigations  have  shown  that  slotted 
wing-tips  are  devices; 

(i)  to  increase  static  stabihty  as  a  planform  effect 

(ii)  to  reduce  induced  drag  by  staggermg  the  winglets  in  height. 

The  possible  reduction  of  induced  drag  is  moderate.  It  could  also  be  achieved  by  a 
slight  increase  of  wing  span  according  to  equ.  (2).  If  the  way  of  life  of  a  bird  allowed  a 
shghtly  larger  wing  span  to  increase  its  aerodynamic  efficiency,  evolution  might  have 
developed  the  wings  in  this  direction.  Therefore,  all  seabirds  as  well  as  swallows,  swifts 
and  some  other  families  have  non-split  pointed  wings  of  large  aspect  ratio.  If,  on  the 
other  hand,  the  way  of  life  of  a  bird  restricts  length  of  the  wing  span,  slitting  of  the 
wing-tips  and  staggering  of  the  winglets  in  height  is  a  device  to  increase  the  aerody¬ 
namic  efficiency.  An  example  for  this  fact  are  the  pheasants.  Their  span  is  so  strongly 
hmited  that  they  have  developed  the  largest  number  of  winglets  of  all  birds  in  order  to 
achieve  sufficient  flight  performance. 

Apart  from  take-off  and  landing,  all  seabirds,  swallows  and  swifts  without  slotted 
wing-tips  as  well  as  the  pheasants,  bustards  and  related  families  with  highly  slit  wing- 
tips  fly  at  a  distinct  point  of  their  lift-drag-cuiwe,  see  Fig.  3,  for  which  their  geometiy 
has  been  developed  by  evolution.  A  large  number  of  other  bird  families  such  as  for 
instance  storks,  cranes,  hawks  and  vultures  use  their  wings  in  two  different  configura- 
tions:  in  gliding  flight  the  wing  span  is  reduced  and  the  wing-tips  are  closed,  whereas  in 
soaring  flight  these  birds  fly  with  their  maximum  span  and  their  wing-tips  are  slotted. 
This  well-known  behaviour  can  be  interpreted  as  follows:  in  high-speed  gliding  flight 
the  lift  coefficient  C|  =  2L/pV2S  is  low  and  therefore  the  coefficient  of  induced  drag  is 
small.  There  is  no  need  to  reduce  induced  drag  and  therefore  the  wing-tips  are  closed 
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Moreover,  the  wing  span  is  reduced  which  increases  the  induced  drag,  but  the  main 
portion  of  drag  is  friction  drag,  which  is  kept  low  by  a  small  surface  2S.  In  soaring 
flight  the  bird  circles  in  thermals  at  low  speed.  In  this  flight  condition  the  lift  coefficient 
is  high  and  the  main  portion  of  drag  is  induced  drag.  In  Order  to  keep  induced  drag 
small  and  thus  to  achieve  a  small  sinking  velocity  the  wing  span  has  to  be  as  large  as 
possible  and  the  wing-tips  must  be  slotted. 

Finally,  the  basic  results  reported  here  might  also  be  important  for  certain  periods  of 
the  flapping  cycle  of  an  even  larger  number  of  bird  species.  Düring  the  downstroke  the 
wing  produces  negative  induced  drag,  which  is  called  thrust,  see  Bilo  (1971,  1972)  and 
Hummel  &  Möllenstädt  (1977).  If  the  bird’s  way  of  life  has  allowed  a  slight  increase 
of  the  wing  span,  the  wing  is  also  closed  within  the  flapping  cycle  during  the  down¬ 
stroke,  see  e.g.  snipes  and  waders.  But  in  Order  to  obtain  a  maximum  of  thrust  from  a 
wing  of  limited  span,  Splitting  of  the  wing-tips  is  a  suitable  device.  It  is  well  known  that 
almost  all  songbirds  are  equipped  with  emarginated  primaries  and  snapshots  show  that 
they  are  extremely  spread  during  downstroke  in  flapping  flight,  see  Bilo  (1971). 
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On  the  Structure  of  the  Wake  of  a  Flying  Bird 

Nikolai  V.  Kokshaysky 

Introduction 

In  Order  to  move  actively  any  organism  or  vehicle  must  apply  some  force  to  other 
bodies  in  the  direction  opposite  to  the  direction  of  movement.  In  terrestrial  animals  as 
well  as  in  terrestrial  locomotion  of  birds,  we  can  often  observe  the  results  of  this  force 
application  in  the  form  of  the  tracks  in  the  Substrate.  It  is  possible  to  estimate  the  Order 
of  magnitude  of  mechanical  forces  involved  in  the  movement  from  such  tracks. 

In  a  flying  bird  the  Situation  is  quite  different.  The  medium  in  which  it  moves  is 
deformed  even  by  the  slightest  force  and  is  incapable  of  retaining  the  residual  deforma- 
tions.  From  these  properties  of  the  air  it  follows  immediately  that  no  dynamometrical 
measurements  of  the  forces  exerted  by  a  flying  bird  on  the  air  are  possible;  the  calcula- 
tions  derived  from  the  wake  flow  field  are  thus  the  only  reliable  method  of  dynamical 
analysis.  But  the  bird  s  wake  is  mvisible.  Although  the  wake  is  an  important  source  of 
information  on  dynamics  of  active  bird  flight,  it  is  not  easy  to  deal  with. 

Quantitative  data  based  on  bird  wake  measurements  and  calculations  are  of  interest 
in  many  respects.  Indispensable  for  such  investigations  is  the  determination  of  what  the 
wake  looks  like.  Accordingly,  the  main  purpose  of  the  present  study  is  to  develop 
methods  of  wake  visualization,  and  the  recording  and  the  demonstration  of  its  general 
structure. 


Methods  of  bird  wake  visualization  and  recording 

Visualization  of  the  wake  of  a  flying  Chaffinch  (Fringilla  coelehs  d )  and  Brambling 
(f.  montifringilla  d )  has  been  performed  by  means  of  multiple  flash  photography  of 
small  light  particles  forming  a  cloud  through  which  the  bird  was  forced  to  fly.  Many 
kinds  of  visualizing  agents  were  tried.  Wood  and  paper  dust  produced  with  a  grind¬ 
stone  was  used  most  frequently.  The  mean  sinking  speed  of  paper  dust  in  still  air  was 
0.2  m/s.  The  birds  performed  their  short  flights  initially  in  a  plexiglass  Container 
(2  X  0.5  X  1  m)  and  then  in  a  net  cage  (2.6  x  0.6  x  0.7  m).  The  generator  for  a  series  of 
flashes  had  been  specially  designed  for  this  study  by  Mr.  V.  I.  Petrowsky,  who  was 
very  active  also  in  conducting  experiments,  and  was  modified  in  the  course  of  experi- 
mentation.  It  was  triggered  by  one  or  two  photorelays  when  the  bird  crossed  an 
infrared  beam.  The  frequency  of  flashes  and  their  number  per  series  were  adjustable 
within  a  wide  ränge.  The  most  satisfactory  results  were  obtained  with  frequencies  of 
about  1  kHz  and  7  —  8  flashes  per  series. 

The  experimental  procedure  was  as  follows.  The  room  was  darkened  (only  verv  faint 
Illumination  being  retained)  and  the  shutters  of  two  photographic  cameras  providing 
side  and  front  views  of  the  bird’s  trajectory  were  opened.  Then  a  cloud  of  visualizing 
particles  was  blown  out  through  a  long  rubber  tube  from  the  Container  attached  to  the 
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top  of  the  aquarium  or  the  cage  and  the  bird  was  flushed  from  the  perch.  When  the  fly¬ 
ing  bird  had  triggered  the  light  generator,  a  series  of  flashes  was  emitted  (Fig.  1). 

The  multiple  Images  of  individual  visualizing  particles  on  the  photographs  demon- 
strate  their  spreading  in  the  direction  of  the  movement,  like  the  images  obtained  in 
more  classical  methods  with  constant  illumination  and  prolonged  exposures.  The  faster 


Figure  1.  Experimental  set  up 
for  visualization  of  the  wake 
behind  a  flying  bird. 

a  particle  is  moving  the  more  elongated  is  the  hatched  line  produced  on  the  photo- 
graph.  These  lines  represent  an  approximation  to  the  trajectories  of  fluid  particles. 
With  the  scale  and  flash  frequencies  known  it  is  possible  to  calculate  roughly  a  number 
of  characteristic  velocities  in  the  wake  flow  field  pictured  in  the  photographs. 

Results  and  discussion 

The  mode  of  flight  performed  by  finches  during  the  wake  visualization  experiments 
certainly  approaches  the  so-called  slow  flight  type.  As  revealed  by  filming  of  flights  in 
the  Container,  the  Brambling  (mass  about  22  g)  tended  to  hovering;  in  forward  flight, 
horizontal  speed  was  1.8  m  s“‘  at  a  mean  wing  beat  frequency  of  17  Hz.  The  Chaffinch 
(mass  about  21  g)  developed  3  m  s“'  at  18  Hz.  The  structure  of  the  bird’s  wake  is  illus- 
trated  by  the  pictures  of  its  side  view  received  during  flights  performed  in  the  cage  (Fig. 
2.1,  2.3).  The  form  of  particle  cloud  as  well  as  illumination  through  a  slotted  aperture 
predetermine  that  the  pictures  represent  longitudinal  sections  of  the  wake,  i.e.  its  two- 
dimensional  aspect.  As  particles  are  more  dense  than  the  air  and  are  not  deformable, 
their  visualizing  effect  is  in  some  respects  weakened  and  in  other  accentuated.  In  par- 
ticular,  the  central  parts  of  vortices  are  free  of  particles  as  a  result  of  a  centrifugal  force 
action.  Only  outside  of  the  vortex  core  is  this  force  balanced  by  a  “lift  force”  (Merz- 
KIRCH,  1974). 

The  two-dimensional  aspect  of  a  wake  is  interpreted  as  follows.  At  the  beginning  of 
downstroke,  when  circulation  is  building  up  around  the  wing,  the  wing  sheds  a  vortex, 
which  must  be  treated  as  a  starting  vortex;  its  rotation  being  opposite  to  circulation 
around  the  wing.  At  the  end  of  the  downstroke,  when  circulation  is  decreasing,  the 
wing  sheds  an  equal  vortex  rotating  now  in  the  direction  of  circulation.  The  event 
repeats  at  every  full  stroke,  so  that  a  vortex  chain  is  formed.  A  jet  flows  backward 
between  two  rows  of  vortices.  This  interpretation  agrees  well  with  the  theoretical  com- 
putations  of  the  structure  of  a  flapping  wing  wake,  which  had  been  made  for  the  first 
time,  to  my  knowledge,  by  Th.  von  kärmän  &  J.  M.  Burgers  (1935)  and  afterwards 
were  strongly  confirmed  by  V.  V.  Golugev’s  studies  (see  Kokshaysky,  1974,  for  fur- 
ther  references). 


Kokshaysky;  Flying  Bird’s  Wake 


399 


An  analysis  of  photographs  depicting  front  (or  rear)  views  of  the  wake,  as  well  as 
general  considerations  of  fluid  mechanical  properties  of  vortices,  permits  construction 
o  the  spatial  structure  of  the  wake  behind  a  flying  bird.  It  may  he  represented  by  a  sep¬ 
arate  vortex  ring  for  each  wing  stroke  (Fig.  2.2).  Düring  the  upstroke,  the  wings  are 
folded  in  smaller  birds  producing  practically  no  aerodynamic  side  forces.  Formation  of 
the  vortex  ring  in  the  wake  should  occur  only  during  the  downstroke.  This  simplifies 
the  configuration  of  the  wake. 


Figure  2.1  and  2.3.  Outline 
drawings  of  wake  flow  visuali- 
zation  photographs.  Pairs  of 
plane  vortices  produced  during 
successive  wing-strokes  of 
Brambling  (1;  three  pairs)  and 
Chaffinch  (3;  two  pairs)  are  visi¬ 
ble.  The  lengths  of  dashes  do 
not  always  correspond  exactly 
to  the  lengths  of  individual  par- 
ticle  tracks. 

Figure  2.2.  Spatial  structure  of  a 
flying  bird’s  wake  represented 
by  a  discrete  vortex  ring  pro¬ 
duced  during  the  downstroke. 
Arrows  indicate  direction  of 
flow  rotation.  Partly  hatched 
circles  with  arrows  are  cross- 
sections  of  the  vortex  ring  visi¬ 
ble  in  two-dimensional  side- 
views  of  the  wake. 


No  attempts  were  made  in  this  study  to  calculate  the  amount  of  aerodynamic  work 
wasted  in  the  wake.  With  the  demonstration  of  the  general  structure  of  the  wake,  the 
task  appears  to  be  solvable,  although  some  difficulties  still  exist.  It  is  clear  that  precise 
measurements  of  velocity  Felds  throughout  the  wake  or  the  estimation  of  interaction 
between  the  rotating  masses  of  fluid  concentrated  in  the  vortex  rings  and  those  moving 
m  the  form  of  jets  will  demand  further  and  more  accurate  experimentation. 
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Physiological  and  Energetic  Adaptations  of  Flying  Birds,  Measured  by  the 

Wind  Tunnel  Technique.  A  Survey 

H.-J.  Rothe  and  W.  Nachtigall 

Which  physiological  parameters  permit  birds  to  produce  sufficient  energy  for  flight? 
The  main  method  in  use  to  measure  energetic  parameters  is  the  wind  tunnel  technique. 
Physiological  and  metabolic  investigations  take  place  with  birds  flying  free  in  a  test  sec- 
tion  of  a  wind  tunnel  (Baudinette  et  ah,  1976,  and  many  others).  Ambient  conditions 
can  be  modified  and  different  analysers  regardless  of  their  size  can  be  connected  to  the 
flying  birds  by  wires  or  tubes  (Fig.  1). 

Analysing  the  contents  of  the  exhaled  air  and  the  metabolic  and  catabohc  concentra- 
tion  in  the  blood  is  very  important  for  the  investigation  of  metabolic  and  energetic 
Problems.  The  method  most  often  used  is  the  followmg;  Birds  are  trained  (Nachtigall 
&  Rothe,  1978;  Tucker,  1969)  to  fly  in  the  test  section  of  a  wind  tunnel.  They  wear  a 
mask  by  which  the  exhaled  air  is  sucked  off  and  brought  to  the  gas  analysers  (Fig.  1). 
In  this  way,  oxygen,  carbon  dioxide  and  water  content  of  the  exhaled  air  can  be  meas- 


Figure  1.1.  Tucker’s  analyzing  equipment  for  the  measurement  of  carbon  dioxide  and  oxygen 
exchange  rates  (Tucker,  1969).  1.2:  Tucker’s  wind  tunnel  designed  for  his  experiments  with  fly¬ 
ing  birds  (Tucker,  1969).  1.3:  Baudinette’s  diagram  of  instrumentation  used  to  record  blood 
flow  in  the  ischiatic  artery,  core  and  venous  temperatures,  respiratory  water  loss  and  oxygen  con- 

sumption  (Baudinette  et  ah,  1976). 

ured.  Additional  probes  and  catheters  can  be  fixed  on  the  bird  to  register  temperature, 
ECG,  EMG,  heart  frequency,  blood  pressure,  blood  contents  etc.  (Baudinette  et  ah, 
1976,  and  many  others).  If  the  bird’s  fuel  is  known  and  oxygen  consumption  and  car- 
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bon  diox^ide  production  are  measured,  the  energy  production  of  the  organism  can  be 

estimated.  If,  for  example,  fat  is  the  energy  source,  a  bird  can  produce  4-10^  Joule 

(9.56  kcal)  from  1  g  fat  burned  with  2000  ml  oxygen.  A  pigeon  of  about  400  g  body 

weight  could  fly  11.8  kilometers  with  1  g  fat,  if  the  fat  is  burned  completely  and  if 

effectivity  of  the  fhght  muscles  is  about  20  %  (James  &  Meek,  1976).  The  amount  of 

carbon  dioxide  expired  and  of  oxygen  consumed  (respiratory  quotient  =  RQ)  indicates 

the  type  of  fuel  burned,  e.g.  when  RQ  =  0.7  only  fat  was  used,  when  RQ=  1.0  only 

car  o  ydrates  were  burned  and  when  RQ  is  more  than  1,  energy  is  produced  anaerobi- 
cally. 


Figure  2.  L  Different  physiological  parameters  measured  on  pigeons  flying  in  a  wind  tunnel 
Arrows  mdicate  pomts  of  take-off  and  landing.  Resting  values  were  taken  when  the  tunnel  was 
turned  off  (T.off)  and  when  the  tunnel  was  on  (T.on)  (Butler  et  al.,  1977)  2  2-  Respiratory  fre 
quency  and  heart  rate  in  spontaneously  flying  pigeons.  After  landing  white  king  and  homine 
pigeons  showed  sipificant  differences  in  the  heart  rate  (solid  circles  heart  rate  of  homing  ooen 
circles  heart  rate  of  white  king  pigeons)  (Butler  et  al.,  1977).  2.3:  Simultaneous  recording  of  oxy- 
gen  uptake  and  carbon  dioxide  production  of  a  pigeon  (mass  0.48  kg)  before,  during  and  after  a 
8  mm  fl.ght  at  10  m/s  (36  km/h)  (Butler  et  al.,  1977).  2.4:  Mean  oxygen  consumption  of  two 
budgerigars  during  level  (A),  5°  ascending  (B)  and  5°  descending  (C)  flight  at  different  speeds 

(Tucker,  1969). 


Fhght  metabolism  is  rather  high.  Thus  the  respiration  frequency  of  a  flying  budgeri- 
gar  increases  in  relation  to  the  flight  speed  up  to  200  breaths/minute  (Tucker,  1967), 
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the  pigeon  up  to  411  breaths/minute  (Butler  et  ab,  1977)  (resting  condition:  19.7). 
Respiration  quotients  from  0.7  up  to  1.0  were  measured  with  some  more  than  1.0  in  the 
case  of  the  pigeon.  While  there  was  no  relation  between  the  respiration  and  the  wing- 
beat  frequency  in  budgerigars  a  1 : 1  relation  was  found  in  pigeons.  This  relation  does 
not  seem  to  be  unusual  because  relations  from  1:1  up  to  5 : 1  were  found  in  other  bird 
species.  Some  species  were  found  to  fly  with  different  constant  relations  in  the  ranges 
from  1:1  up  to  5:1  (Berger  et  ah,  1974).  Düring  flight,  oxygen  consumption  is 
dependent  on  speed  and  flight  angle  and  amounted  to  12  (budgerigar  flying  horizontal 
at  35  km/h  [Tucker,  1969]),  58  (laughing  gull  [Tucker,  1972])  and  88  milliliters 
(pigeon  flying  horizontal  at  36  km/h  [Butler  et  ah,  1977]).  The  oxygen  consumption 
of  the  budgerigar  shows  a  marked  dependence  on  the  speed  and  angle  of  flight,  where- 
as  this  dependence  is  not  so  evident  in  laughing  gulls  and  fish  crows  (Fig.  2.4,  3.1.1.). 

The  flight  angle  greatly  influences  the  oxygen  consumption  of  birds  flying  in  a  wind 
tunnel.  Gulls  and  fish  crows  were  not  able  to  fly  in  wind  tunnels  at  positive  angles  (Sim¬ 
ulation  of  ascending  flight)  while  wearing  a  mask.  Generally  a  bird  needs  more  oxygen 
for  ascending  than  for  descending  flight.  This  is  also  relative  for  the  production  of  car- 
bon  dioxide  during  flight.  CO2  production  increases  up  to  9.4  ml/ minute  in  budgerigars 
(Tucker,  1969)  and  up  to  80.9  ml/minute  in  pigeons  (Butler  et  ah,  1977)  (Fig.  3). 


Figure  3.1.1.  The  relationship  of  power  input  to  air  speed  in  three  species  of  birds  during  hori¬ 
zontal  flight  and  in  a  hovering  hummingbird  (Bernstein  et  ah,  1973).  3.1.2.  The  relationship  of 
power  input  to  air  speed  in  the  fish  crow  during  flight  at  different  descent  angles.  Values  for  hor¬ 
izontal  flight  are  calculated  (Bernstein  et  ah,  1973).  3.2:  Partition  of  heat  loss  for  herring  gulls  at 
rest  at  various  temperatures  (Baudinette  et  ah,  1976).  3.3:  Calculated  potential  flight  duration  in 
relation  to  fat  content  and  body  weight.  Rectangles  and  dashed  line  include  ranges  given  by  Odum 

(1961)  and  Berger  et  ah  (1973). 

When  transformed  into  mechanical  energy  by  the  muscles,  a  great  deal  of  the  Chemi¬ 
cal  energy  used  while  flying  is  lost  as  heat.  If  this  heat  could  not  be  removed  it  would 
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lead  to  an  increase  of  body  temperature.  The  core  temperature  of  birds  is  generally 
much  higher  than  that  of  mammals,  being  about  41  °C.  Birds  are  not  so  sensitive  to 
overheatmg,  pigeons  for  example  can  tolerate  core  temperatures  of  more  than  51  °C 
for  a  short  time  (Calder  et  ah,  1977).  Nevertheless  overheating  of  the  bird  during  sus- 
tained  flight  must  be  prevented.  Heat  loss  by  transpiration  is  not  possible  because  of  the 
lack  of  sweat  glands.  Thermoregulation  takes  place  by  radiation,  convection  and  water 
evaporation  m  the  respiratory  System  and  through  the  skin  (Berger  et  ah,  1974).  By 
means  of  temperature  measurements  of  the  different  parts  of  the  body  and  analysis  of 
the  water  content  of  the  exhaled  air,  the  heat  produced  by  the  muscles  and  the  effectiv- 
ity  of  the  lauer  can  be  determined  if  the  physical  performance  of  a  bird  during  flight  is 
known.  Assuming  that  2.4  •  10^  Joule  =  0.58  kcal  are  necessary  for  the  evaporation  of 
1  g  water,  one  can  calculate  the  heat  dissipated  by  water  evaporation.  An  inactive 
pigeon  loses  0.38  g  water  through  the  exhaled  air,  a  budgerigar  flying  horizontally  at 
35  km/h  at  an  ambient  temperature  of  10  —  20  °C  loses  0.7  g  water/h  and  a  herring 
gull  loses  1.08  g  water/h  when  flying  horizontally  at  a  temperature  of  20  °C.  This 
corresponds  to  an  energy  lost  as  heat  of  0.7  •  10^  Joule/h  =  0.17  kcal/h  =  0.1  W  in 
pigeons,  1 .7  •  10^  Joule/h  =  0.41  kcal/h  =  0.5  W  in  budgerigars  and  2.5  •  10^  Joule  = 
0.6  kcal/h  =  0.7  W  in  herring  gulls  (Baudinette  et  ah,  1976;  Butler  et  ah,  1977; 
Tucker,  1969).  The  high  body  temperature  facilitates  radiation  and  convection 
through  the  body  surface  if  the  ambient  temperature  is  relatively  low. 

At  low  or  medium  ambient  temperatures,  80  %  of  the  heat  produced  can  be  deliv- 
ered  by  the  skm.  In  flying  pigeons  this  is  between  1  and  2  Joule/cm^  body  surface  du¬ 
ring  a  1  hour  flight  (Berger  et  ah,  1974).  This  corresponds  to  a  6  —  8  fold  increase  of 
the  restmg  level  and  is  therefore  within  the  ränge  of  the  increasing  heat  production 
during  flight. 

The  enormous  increase  of  metabolism  is  obviously  connected  to  the  increase  in  car- 
diovascular  activity.  The  heart  beat  frequency  can  reach  as  much  as  4  times  the  resting 
level  (Berger  et  ah,  1974).  This  increase  in  cardio-vascular  activity  is  important  not 
only  for  supplying  all  tissues  with  oxygen,  but  also  for  the  removal  of  carbon  dioxide 
and  heat  from  the  different  muscles.  An  increase  in  flight  muscle  activity  leads  to  a 
larger  fuel  requirement.  Fat  is  the  source  of  energy  for  sustained  muscle  activity  and  is 
either  stored  directly  in  the  muscles  and  adipöse  tissue  or  is  directly  synthesized  from 
the  food  by  the  liver  and  then  transported  by  the  blood  as  triglycerides  or  free  fatty 
acids.  Strong  muscle  activity  increases  the  glucagon  level,  which  raises  the  concentra- 
tion  of  triglycerides,  free  fatty  acids  and  sugar  in  the  blood.  Contrary  to  mammals,  the 
liver  in  birds  can  synthesize  fat  and  fatty  acids.  77  %  of  the  energy  required  by  a 
pigeon  during  sustained  flight  is  produced  by  the  oxidation  of  fat  (George  et  ah,  1966) 
(RQ  must  be  lower  than  1).  A  small  amount  of  this  fat  is,  as  mentioned  above,  stored  in 
the  muscles.  About  20  %  of  the  dry  weight  of  the  pectoralis  muscle  in  pigeons  is  fat 
(James  &  Meek,  1976).  Besides  fat,  glycogen  as  an  energy  source  is  also  stored  there. 
According  to  the  different  muscle  demands,  glycogen  or  fat  are  converted  into  energy 
by  the  different  muscle  fibers.  Principally  two  kinds  of  muscle  fibers  can  be  found  in 
the  pectoralis  muscle  of  pigeons,  red  and  white  muscle  fibers  (George  et  ah,  1966). 
They  differ  in  the  speed  of  contraction  and  in  their  morphological  and  histochemical 
appearance.  White  muscle  fibers  are  mainly  fast  ones,  and  are  primarily  used  for  ther¬ 
mal  shivering.  They  contain  glycogen  as  energy  source,  have  very  little  mitochondria 
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and  nearly  no  myoglobin.  Furthermore  they  have  no  lipases  and  other  enzymes  of  the 
fat  and  fatty  acid  metabolism.  White  fibers  can  work  anaerobically  and  are  not  used  for 
sustained  work.  Red  muscle  fibers  contain  lipids,  have  a  high  myoglobin  content  and  a 
large  amount  of  mitochondria.  These  fibers  are  narrower  than  the  white  fibers  and 
outnumber  the  white  in  the  pectoralis  muscle  of  pigeons.  They  have  lipases  and  the 
other  enzymes  of  fat  metabolism  but  not  those  of  glycolysis.  Their  fuel  is  fat,  they 
work  aerobically,  have  many  surrounding  blood  vessels  and  are  used  for  sustained 
muscle  activity.  Besides  red  and  white  fibers,  some  bird  species  have  intermediäre  fibers 
with  characteristics  of  the  two  formet  types. 

Normally  only  fat  and  carbohydrates  are  used  as  muscle  fuel  in  birds.  Proteins  will 
be  oxidised  for  energy  only  in  exceptional  cases  such  as  starvation.  Fat  is  the  usual  fuel 
for  sustained  flight  activity.  It  is  therefore  not  surprising  that  before  migrating,  birds 
Store  great  amounts  of  fat  which  will  be  entirely  consumed  during  migration  (Odum  et 
ab,  1956  &  1961).  In  brief  and  fast  muscle  activities,  carbohydrates  are  often  used  as 
energy  source.  These  activities  are  often  anaerobical  as  one  can  see  at  RQ’s  greater 
than  1  and  at  high  lactate  concentrations  in  the  blood.  This  was  only  measured  in 
pigeons  flying  in  a  wind  tunnel.  During  horizontal  flight  at  36  km/h  the  lactate  con- 
centration  increased  from  9  to  59.8  mg  %  and  the  respiratory  quotient  was  sometimes 
more  than  one.  Contrary  to  bird  species  whose  pectoralis  muscle  consists  only  of  red 
fibers,  the  pigeon  pectoralis  muscle  with  85.9  %  red  and  14.1  %  white  fibers  (George 
et  ab,  1966)  is  capable  of  short  term  anaerobic  activity. 

Although  experiments  with  birds  flying  in  a  wind  tunnel  can  only  produce  an 
approximation  of  the  flight  conditions  of  a  free  flying  bird,  this  is  the  best  method  of 
obtaining  data.  But  several  points  must  be  taken  into  consideration  when  interpreting 
the  results  of  the  experiments.  The  bird  has  to  fly  in  a  relatively  small  space,  must  toler- 
ate  the  noises  of  the  fan  motor  and  is  in  an  optically  motionless  and  monotonous  envir- 
onment.  The  bird  moves  against  the  wind;  in  turbulent  tunnels  this  may  cause  flight 
configurations  which  differ  from  those  in  nature.  We  have  observed  that  pigeons 
learned  to  fly  in  our  tunnel  more  easily  and  in  less  time,  when  3  additional  laminar 
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Figure4.1.  Wind  tunnel  used  at  Saarbrücken  University  to  analyse  pigeon’s  flight.  Drawn  to 

scale.  4.2.  Training  diagram  of  pigeon  no.  4. 
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eves  (Fig.  4.1)  were  installed  and  turbulence  was  greatly  diminished.  Birds  warmed  up 
much  slower  and  started  panting  only  after  longer  periods  of  flight  or  did  not  at  all.  Up 
to  date,  about  20  birds  of  different  species  have  been  tested  in  various  wind  tunnels,  but 
the  different  physiological  parameters  have  not  yet  been  correlated  with  the  individual 
flight  behaviour  of  the  birds.  We  observed  in  our  experiments  with  11  pigeons  (4  of 
which  flew  between  10  and  60  minutes  at  a  speed  of  50  km/h),  that  the  behaviour  of 
the  individual  pigeons  varied  extremely.  None  of  the  pigeons  flew  stationary  in  the 
Center  of  the  test  section.  Fach  pigeon  developed  its  own  style  of  flight  by  which  it 
could  be  identified.  This  style  was  not  always  the  most  economical  one  under  the  given 
conditions,  so  that  measurements  of  temperature  and  weight  loss  showed  marked  Var¬ 
iation.  This  must  be  taken  into  consideration  when  linear  extrapolations  are  made  and 
averages  calculated. 

Another  important  factor  m  wind  tunnel  experiments  is  the  physical  condition  of  the 
bird^  If  pigeons  are  kept  in  an  aviary  where  they  cannot  fly,  one  hour’s  training  in  the 
wind  tunnel  will  not  be  sufficient  to  keep  the  bird  as  fit  as  it  would  be  when  free.  By 
mtensifying  their  daily  trammg  our  pigeons  were  able  to  fly  for  long  periods  (>  1  h)  in 
the  wind  tunnel,  but  a  three  day  Interruption  in  training  reduced  their  ability  to  fly  in 
the  tunnel  considerably  (Fig.  4.2).  Besides  this  differences  in  body  weight  and  wing 
span  cause  differences  m  their  achievements.  Birds  of  less  than  400  g  body  weight  and 
with  Spans  about  0.5  m  were  the  best  flyers.  In  spite  of  such  difficulties  arising  with  the 
wind  tunnel  method,  no  alternative  can  be  suggested  now  or  in  the  near  future  for  the 
Investigation  of  the  physical  and  physiological  parameters  of  bird  flight. 
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Relationship  between  Circadian  Activity  Patterns  and  Gonadal  Function: 

Evidence  for  Internal  Coincidence? 

Eberhard  Gwinner 

Introduction 

From  mvestigations  in  several  bird  species  it  has  become  clear  that  a  circadian  rhyih- 
micity  plays  a  central  role  in  the  measurement  of  photoperiod.  The  most  striking  evi¬ 
dence  for  such  a  mechanism  comes  from  “resonance”  and  “interrupted  night”  experi- 
ments  indicatmg  that  the  photoperiodic  reaction  depends  neither  on  the  duration  of 
hght  time  nor  the  duration  of  dark  time  but  on  the  temporal  relationship  between  light 
and  an  endogenous  circadian  rhythmicity  (see  Farner  &  Lewis  1971,  Follett  1973, 
Gwinner  1975a  for  reviews).  These  findings  are  consistent  with  a  model,  first  pro- 
posed  by  Erwin  Bünning  in  1936.  This  model  assumes  that  organisms  are  equipped 
with  a  circadian  rhythm  of  photosensitivity,  and  that  photoperiodic  reactions  are 
mduced  (or  mhibited)  when  a  particular  phase  of  that  rhythm  is  exposed  to  light.  Apart 
from  birds,  evidence  in  Support  of  Bünnings  hypothesis  is  available  for  several  other 
groups  of  plants  and  animals  (for  reviews  see  Danilevskij  et  al.  1970,  Saunders  1976 
Bünning  1977). 

The  intricacies  and  implications  of  Bünning’s  model  have  been  discussed  by  Pitten- 
DRIGH  (PiTTENDRIGH  &  MiNIS  1964,  1971;  PiTTENDRIGH  1966,  1972).  He  pointed  out 
that  m  Bünning’s  initial  model  light  plays  a  dual  role  in  that  it  (1)  entrains  a  circadian 
rhythm  of  photosensitivity  and  (2)  induces  a  photoperiodic  response  when  it  falls  on  a 
particular  phase  of  that  rhythm.  Since  in  this  Version  of  the  model  the  photoperiodic 
reaction  eventually  depends  on  the  coincidence  of  the  external  light  signal  with  a  circa¬ 
dian  phase,  PiTTENDRIGH  (1972)  termed  this  dass  of  models  “external  coincidence” 
models.  In  principle,  however,  most  phenomena  could  be  interpreted  just  as  easily  by 
assuming  that  light  only  entrains  the  circadian  rhythmicity  without  exerting  an  addi¬ 
tional  inductive  effect.  In  this  case  photoperiodic  reactions  might  depend  on  particular 
States  of  the  circadian  System  which,  in  turn,  result  from  different  entrainment  patterns. 
Specifically,  it  has  been  proposed  that  photoperiodic  alterations  change  the  phase-rela- 
tionship  between  two  or  more  circadian  oscillators  within  the  organism  and  that  a 
photoperiodic  reaction  occurs  when  a  particular  phase  relation  is  established  (e.g., 
Tyshchenko  1966,  Pittendrigh  1972,  Gwinner  1973,  Pittendrigh  &  Daan  1976 
Dolnik  1976).  Since  m  this  new  Version  of  the  model  the  photoperiodic  reaction 
depends  on  the  coincidence  of  particular  phases  of  two  or  more  internal  rhythms,  Pit¬ 
tendrigh  (1972)  has  called  these  models  “internal  coincidence”  models. 

An  important  prediction  of  the  latter  Version  of  the  model  (regardless  of  whether 
internal  coincidence  or  any  other  changes  in  the  circadian  System  are  assumed,  Gwin¬ 
ner  1973)  is  that  it  should  be  possible  to  induce  photoperiodic  reactions  even  in  the 
absence  of  hght,  when  the  circadian  System  is  appropriately  changed,  e.g.,  by  Zeit¬ 
gebers  other  than  a  hghtdark  cycle.  Experiments  of  that  kind  have  been  performed 
recently  by  Saunders  (1973).  He  succeeded  in  inducing  photoperiodic  reactions  by 
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exposing  insects  to  temperature  instead  of  light  cycles.  Another  approach  has  been  used 
by  WoLFSON  (1966)  whose  results  and  hypothesis  will  be  discussed  in  the  following  par- 
agraphs. 


WoLFSON’S  Hypothesis 

In  bis  basic  experiment,  Wolfson  exposed  1 1  photosensitive  Slate-colored  Juncos 
(Junco  hyemalis)  to  a  stimulatory  16-hour  photoperiod  for  8  days.  4  birds  were  then 
transferred  to  continuous  darkness  (DD)  and  7  to  a  9-hour  photoperiod.  After  18  days 
in  these  conditions  the  DD  birds  had  enlarged  testes  (mean  weight:  117.9  mg)  whereas 
the  short-day  birds  had  regressed  testes  (7.9  mg).  Moreover,  the  DD  birds  showed  a 
clear  tendency  to  maintain  the  pattem  of  activity  present  during  the  initial  long-day 
exposure  throughout  the  experiment:  their  daily  activity  time  d  was  longer  than  that  of 
a  group  of  White-throated  Sparrow  (Zonotrichia  albicollis)  which  was  used  for  com- 
parison  and  placed  in  DD  after  pretreatment  with  a  short  photoperiod  (and  which 
showed  no  testicular  response).  Moreover,  among  the  long-day  pretreated  Juncos, 
those  with  largest  testes  also  showed  the  longest  .  From  these  and  some  additional 
experiments  Wolfson  concluded  that  “the  light-dark  cycle  appears  to  serve  as  Informa¬ 
tion  which  the  bird  uses  to  measure  the  length  of  the  day“.  This  measurement  is  then 
translated  by  the  hypothalamohypophyseal  System  such  that  when  the  days  are  long  a 
daily  gonadotropic  response  occurs.  When  they  are  “short”,  it  does  not.  Decisions  that 
long  days  are  present  can  apparently  be  made  in  continuous  darkness,  and  it  is  hkely 
that  the  duration  of  activity  during  continuous  darkness  is  a  manifestation  of  and/ or 
contributes  information  for  this  measurement. 

Despite  some  shortcomings  in  the  design  of  these  experiments  (e.g.  the  small  number 
of  birds;  the  lack  of  information  about  testicular  conditions  before  and  after  long-day 
treatment)  Wolfson’s  results  still  suggest  an  internal  coincidence  mechanism.  Pitten- 
DRiGH  &  Daan  (1976)  interpreted  the  results  from  the  birds  placed  in  DD  after  long- 
day  pretreatment  as  “the  effect  of  a  long  photoperiod  establishing  a  set  of  phase  rela- 
tions  between  constituent  oscillators  that  induce  gonadal  growth,  and  the  inertia  of  the 
System,  reflected  in  after-effects,  retaining  that  inductive  state  in  constant  darkness. 
Short  days  on  the  other  hand,  have  an  immediate  positive  action  in  destroying  the 
inductive  phase-relation  between  morning  and  evening  oscillators.” 

I  have  carried  out  experiments  to  investigate  the  extent  to  which  Wolfson’s  results 
are  more  generally  valid  and  whether  they,  indeed,  support  an  internal  coincidence 
model.  This  was  done  by  examining  4  major  questions  related  to  Wolfson’s  proposi- 
tion,  asking:  (1)  Is  DD  a  less  potent  Stimulus  for  the  induction  of  testicular  regression 
than  short  photoperiods?  (2)  Is  there  evidence  that  long-day  information  is  stored  and 
maintained  in  DD  or  LL?  (3)  Is  there  a  correlation  between  circadian  activity  time 
under  constant  conditions  and  the  gonadal  state?  and  (4)  If  so,  to  what  is  this  correla¬ 
tion  due? 

Differential  effects  of  short  photoperiods  and  DD  on  testicular  regression 

To  test  whether  DD  is  a  more  favourable  condition  for  testicular  maintenance  than  a 
short  photoperiod  we  carried  out  two  experiments  with  male  White-crowned  Sparrows 
(Zonotrichia  leucophrys  gambelii).  In  both  experiments,  photosensitive  birds  were 
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mitially  exposed  to  a  long  20-hour  photoperiod  for  different  periods  of  time  and  subse- 
quently  transferred  to  either  constant  dim  light  of  a  non-stimulatory  intensity  or  a 
short  6-hour  photoperiod.  The  results  are  presented  in  Figure  1.  They  show  that  after 
tiansfer  to  DD,  testicular  size  of  the  long-day  pretreated  birds  was  maintained  at  a 
high  level  for  some  time;  compared  with  the  birds  transferred  simultaneously  to  short 


Figure  1.  Results  of  two  experi- 
ments  with  White-crowned  Spar- 
rows  carried  out  to  investigate  the 
effects  of  continuous  dim  light  and 
a  short  photoperiod  on  testicular 
regression.  All  birds  were  exposed 
to  a  short  6-hour  photoperiod  prior 
to  the  beginning  of  the  experiments. 
They  were  highly  photosensitive 
when  transferred  to  experimental 
conditions  (March  3  in  experiment 
1;  January  7  in  experiment  2).  Birds 
of  groups  A  and  B  were  exposed  to 
a  stimulatory  20-hour  photoperiod 
for  about  1  (group  B)  and  2  (group 
A)  weeks  respectively;  subsequently  they  were  transferred  either  to  continuous  dim  light  (all  birds 
m  experiment  1  and  about  half  of  the  birds  in  experiment  2:  LL  0.02  lux;  dotted  hne)  or  to  a  short 
6-hour  photoperiod  (about  half  of  the  birds  in  experiment  2:  LD  6;  18;  dashed  line).  Birds  in 
group  C  were  maintained  in  the  short  photoperiod  for  about  2  weeks  and  then  transferred  to  con¬ 
tinuous  dim  light.  Birds  of  groups  D  served  as  short  day  Controls.  Samples  of  6  to  10  birds  were 
sacnficed  at  the  times  indicated  and  their  testes  were  weighed.  Mean  testes  weights  with  Standard 
errors  of  the  means  are  given.  —  The  dim  light  is  not  stimulatory  as  shown  by  the  testicular  devel¬ 
opment  of  groups  C  but  it  is  effective  in  maintaining  testes  size  at  a  high  level  for  at  least  two 
weeks  in  experiment  1,  and  induces  slower  regression  than  the  short  photoperiod  in  experiment  2. 
On  day  28,  mean  testicular  weights  of  both  groups  of  birds  transferred  from  the  long  photoperiod 
to  dim  light,  are  significantly  larger  than  in  the  respective  control  groups  transferred  simultane¬ 
ously  to  the  short  photoperiod  (p  <  0.01,  Mann-Whitney  U-test). 

Results  similar  to  those  depicted  on  Fig.  1  have  been  obtained  by  Turek  (1978)  in 
another  study  on  White-crowned  Sparrows  and  by  Farner  et  al.  (1977)  in  experiments 
with  the  Ffouse  Sparrow  (Passer  domesticus).  Evidence  suggesting  that  the  testes  of 
Fiouse  Sparrows  may  even  continue  to  grow  after  transfer  to  DD  has  already  been 
obtained  by  Vaugien  &  Vaugien  (1961). 


days  regression  was  significantly  delayed. 


Zonotrichia  leucophrvs  aombelii 


Effects  of  previous  photoperiod  on  activity  time  in  DD  or  LL 

Fig.  2  shows  activity  recordings  of  2  White-crowned  Sparrows  from  experiment 
1  which  were  pretreated  with  a  6-hour  or  20-hour  photoperiod  before  being  placed  in 
continuous  dim  light.  It  is  clear  that  the  long  day  pretreated  bird  retained  a  longer  a 
than  the  short  day  pretreated  bird.  This  was  generally  true  for  the  birds  of  both  experi¬ 
ments  with  White-crowned  Sparrows  as  shown  in  Fig.  3.  Similar  results  were  also 
obtained  in  an  experiment  with  Golden-crowned  Sparrows  (Fig.  3,  experiment  3). 
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Here,  both,  intact  and  castrated  males,  first  maintained  in  a  long  photoperiod,  had  a 
longer  a  in  DD  than  intact  conspecifics  pretreated  with  a  short  photoperiod. 

A  temporary  retention  of  a  exhibited  under  previous  conditions  of  entrainment 
when  placed  in  DD  has  also  been  reported  in  mammals  (Pittendrigh  &  Daan  1976).  A 
large  body  of  data  on  various  vertebrate  species  investigated  in  our  laboratory  suggests 
that  this  is  a  common  phenomenon. 


Time  of  day  Ihoursj 


Figure  2.  Activity  recordings  of  two 
White-crowned  Sparrows  of  experiment  1 
(see  Fig.  1).  Fach  horizontal  line  represents 
ihe  activity  record  of  one  day.  Records  of 
successive  days  are  mounted  underneath 
each  other.  Vertical  marks  indicate  activity 
within  one  minute  time  intervals.  Düring 
times  of  intense  activity  the  marks  fuse  into 
a  black  block.  Düring  the  first  two  weeks 
the  bird  on  the  left  was  maintained  in  a 
6-hour  photoperiod,  that  on  the  right  in  a 
20-hour  photoperiod.  Then  both  birds 
were  transferred  to  continuous  dim  light 
(0.02  lux). 


It  should  be  mentioned  here,  that  not  only  a  depends  on  previous  photoperiodic 
conditions  but  other  parameters  of  circadian  rhythms  as  well,  especially  the  circadian 
period  x.  This  is  apparent  in  Figs.  2  and  3  which  show  that  long  day  pretreated  birds 
had  longer  x’s  than  short-day  pretreated  birds.  Such  “after  effects”  of  photoperiod  and 
other  Zeitgeber  properties  on  x  are  well  known;  for  a  recent  discussion  see  Pitten¬ 
drigh  &  Daan  (1976). 


Experiment  1  Experiment  2  Experiment  3 

(Zig)  (Z./g)  (Za.) 


Group  C  B  A  C  B  A  C  B2 


Figure  3.  Experiment  1  and  2:  Testicular 
weight,  circadian  period  x  and  circadian  activ¬ 
ity  time  a  of  White-crowned  Sparrows  kept  for 
about  2  weeks  in  continuous  dim  light  follow- 
ing  exposure  to  either  a  20-hour  or  a  6-hour 
photoperiod.  These  experiments  are  identical 
with  experiments  1  and  2  in  Figure  1.  Data  are 
from  those  birds  of  groups  A,  B  and  C  which 
were  exposed  from  day  13  to  29  (experi¬ 
ment  1)  and  from  day  14  —  28  (experiment  2) 
to  dim  light  and  were  subsequently  sacrificed. 
In  experiment  3,  photosensitive  golden- 
crowned  sparrows  were  kept  for  14  days  in 
constant  darkness  following  25  days  of  expo¬ 
sure  to  a  6-hour  photoperiod  (group  C)  or  a 
20-hour  photoperiod  (groups  and  B2).  Birds 
of  group  B]  had  been  castrated  prior  to  the  be- 
ginning  of  the  experiment.  —  Arrows  indicate 
significant  differences  between  group  means 

(◄-►p<  0.001;  ◄ - ►p<0.01; 

◄  p  <  0.05). 
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Correlations  between  circadian  activity  parameters  and  gonadal  state 

In  the  experiments  with  crowned  sparrows  discussed  before,  both  testis  size  and  a 
nad  higher  values  in  the  long-day  pretreated  birds  than  in  the  short-day  pretreated 
birds.  Hence,  testis  size  and  a  are  also  positively  correlated  with  each  other. 

A  positive  correlation  between  these  two  parameters  has  also  been  found  in  the 
European  Starhng  (Sturnus  vulgaris)  in  another  type  of  experiment.  Here  groups  of 
male  birds  were  transferred  to  continuous  dim  light  or  to  continuous  darkness  at  var- 
lous  times  of  the  year.  Depending  on  whether  testes  developed  or  not  a  either 
mcreased  or  remained  more  or  less  constant  (Gwinner  &  Turek  1971,  Gwinner  1974, 
1975  b).  Fig.  4  shows  examples  of  the  activity  recordings  of  birds  with  growing  testes. 


I - T - 1 - 1 

0  2i  36  i8 


Time  (hours) 


Figure  4.  Activity  recordings  of  two  male  European 
Starlings  kept  in  continuous  light  of  about  0.7  lux.  To 
facilitate  inspection  of  the  data  the  records  have  been 
double  plotted  on  a  48-hour  time  scale.  Numbers  at 
the  right  hand  margin  give  the  testicular  widths  (in 
millimeters)  measured  by  laparotomy  at  the  days  indi- 
cated  by  the  arrows.  For  further  explanations  see  Fig.  2 
(after  Gwinner  1974). 


Even  in  Starlings  in  which  a  second  testicular  cycle  recurred  after  about  one  year  in 
EL,  a  increased  when  the  testes  began  to  grow  (Gwinner  1973).  A  similar  relationship 
between  testis  size  and  a  was  also  found  by  Rutledge  (1974)  in  the  European  Starling. 
Moreover,  some  of  the  results  obtained  by  Hamner  &  Enright  (1967)  in  the  House 
Finch  (Carpodacus  mexicanus)  suggest  longer  a’s  in  birds  with  large  testes. 

Causes  of  the  relationship  between  circadian  activity  parameters  and  gonadal  state 

The  results  presented  support  Wolfson’s  hypothesis  to  the  extent  that  they  show  a 
positive  correlation  between  a  and  gonadal  state.  The  final  question  arises;  to  what  is 
this  correlation  due?  Here,  at  least  3  possibilities  must  be  considered:  (1)  changes  in  the 
circadian  System  might  affect  the  reproductive  condition  (Woleson’s  Suggestion);  (2) 
changes  in  the  reproductive  state  might  affect  the  circadian  System;  or  (3)  both,\he 
reproductive  state  and  circadian  System  might  be  affected  independently  by  a  third  var¬ 
iable. 
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Up  to  now,  good  experimental  evidence  has  only  been  produced  for  alternative  (2). 
The  most  convincing  experiments  were  with  male  European  Starlings,  indicating  that 
castration  prevents  the  increase  in  a  normally  occurring  when  intact  photosensitive 
birds  are  exposed  to  LL.  If,  however,  castrated  birds  are  injected  with  testosterone,  a 
lengthens  immediately  and  in  a  manner  similar  to  normal  birds  with  growing  testes 
(Fig.  5,  Gwinner  1974,  1975).  Preliminary  results  suggest  that  the  same  holds  also  true 
for  birds  entrained  to  a  24-hour  light-dark  cycle.  Diagrams  a  and  b  in  Fig.  6  show  the 
spontaneous  lengthening  of  a  (resulting  in  the  development  of  nocturnal  activity)  in 
male  Starlings  whose  testes  began  to  grow  after  transfer  to  a  12-hour  photoperiod. 


Figure  5.  Activity  recordings  of  2  male  European 
Starlings  kept  in  continuous  light  of  about  0.2  lux. 
Both  birds  were  castrated  prior  to  the  beginning  of  the 
experiment.  Starting  on  day  70  the  birds  were  injected 
on  the  days  indicated  by  arrows  either  with  0.1  ml  of 
sesame  oil  (0,  bird  A)  or  with  2.5  mg  testosterone  dis- 
solved  in  0.1  ml  of  sesame  oil  (T,  bird  B).  For  further 
explanations  see  Fig.  2  (after  Gwinner  1974). 

Such  an  increase  in  a  is  not  evident  during  the  first  30  days  of  the  activity  record  in  the 
castrated  Starling  shown  on  Fig.  6  c  and  d.  However,  after  testosterone  injections,  the 
activity  patterns  changed  and  became  similar  to  those  of  the  intact  birds  with  growing 
testes.  —  Effects  of  sex  Steroids  on  circadian  activity  rhythms  have  also  been  shown  in 


Figure  6.  Activity  recordings  of  4  male  European 
Starlings  kept  under  a  constant  12-hour  photoperiod 
(LD  12: 12,  200:0.05  lux).  The  12-hour  dark  period  is 
indicated  by  shading.  a,  b:  records  of  intact  birds  in 
which  testes  began  to  grow  following  transfer  to 
experimental  conditions.  Numbers  at  the  right  hand 
margin  indicate  the  testicular  width  (in  millimeters) 
measured  by  laparotomy  at  the  days  indicated  by  the 
arrows.  c,  d:  records  of  birds  that  had  been  castrated 
prior  to  the  beginning  of  the  experiment.  Starting  day 
32  they  were  injected  on  the  days  indicated  by  arrows 
with  2.5  mg  testosterone  dissolved  in  0.1  ml  of  sesame 
oil  (T).  For  further  explanations  see  Fig.  2. 

Conclusions 

The  results  presented  in  the  previous  paragraphs  confirm  Wolfson’s  initial  observa- 
tions  in  so  far  as  they  show:  (1)  that  DD  is  less  effective  in  inducing  testicular  regres- 
sion  than  at  short  photoperiod  (although  significant  growth  has  apparently  never  been 
rigourously  documented  under  such  conditions):  (2)  that  the  activity  time  of  birds 


mammals  (e.g.,  Daan  et  al.  1975). 
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transferred  from  a  long  photoperiod  to  continuous  light  or  darkness  is  longer  than  in 
birds  released  from  a  short  photoperiod  to  such  conditions;  and  (3)  that  a  and  testis 
size  are  positively  correlated  with  each  other.  On  the  other  hand,  no  clear  evidence  is 
available  supporting  the  hypothesis  proposed  by  Wolfson  on  the  basis  of  such  find- 
ings:  that  the  correlation  between  a  and  testis  size  is  due  to  effects  of  the  System  Con¬ 
trolling  a  on  the  mechanisms  responsible  for  testicular  maintenance.  Indeed,  this  pro- 
position  has  been  considerably  weakened  by  the  inverse  finding  that  testicular  hor- 
mones  induce  a  lengthening  of  a.  At  present  time  it  appears  as  though  all  the  available 
data  demonstrating  longer  a’s  in  birds  with  large  gonads  than  in  birds  with  small 
gonads  (including  Wolfson’s  own  results)  can  be  interpreted  as  the  results  of  effects  of 
sex  Steroids  on  the  circadian  System.  Hence  they  provide  no  evidence  in  support  of 
Wolfson’s  hypothesis  or  any  other  internal  coincidence  model. 

There  remain,  however,  two  sets  of  findings  that  deserve  further  attention  because 
they  suggest  that  the  Situation  may  be  more  complex  and  that  Wolfson’s  hypothesis 
certainly  should  not  be  rejected  on  the  basis  of  the  results  discussed  above.  The  first 
one  is  the  result  shown  in  Figure  2  that  even  castrated  Golden-crowned  Sparrows  pre- 
treated  with  long  photoperiods  have  longer  a’s  during  their  freeruns  in  dim  light  than 
birds  pretreated  with  short  photoperiods.  This  indicates  that  at  least  under  these  partic- 
ular  conditions  a  long  a  is  not  due  to  the  action  of  gonadal  hormones  alone.  Instead, 
it  probably  constitutes  a  more  direct  reflection  of  the  previous  entrainment  pattem 
which  was  retained  for  some  time  in  DD.  It  seems  likely,  therefore,  that  at  least  one  of 
the  components  of  the  mechanism  suggested  by  Wolfson  —  the  storage  of  Informa¬ 
tion  about  a  —  may,  indeed,  exist. 

The  second  finding  of  potential  impact  is  the  observation  made  in  at  least  4  inde¬ 
pendent  studies,  that  testes  regress  more  slowly  in  birds  transferred  from  long  days  to 
DD  than  in  birds  transferred  from  the  same  conditions  to  a  short  photoperiod.  These 
results  can,  indeed,  be  accomodated  easily  with  the  hypothesis  that  long-day  informa- 
tion  is  not  only  retained  but  also  used  in  birds  transferred  to  DD  or  LL,  whereas  it 
becomes  extinguished  in  birds  transferred  to  short  days  as  they  establish  a  new  entrain¬ 
ment  pattem.  It  should  be  emphasized,  however,  that  alternative  interpretations  in 
terms  of  external  coincidence  models  are  also  possible.  For  instance,  it  is  conceivable, 
that  DD  or  dim  light  is  a  “neutral”  condition  and  that  short  days  actively  promote  testi¬ 
cular  regression;  i.e.,  that  light  falling  into  the  early  subjective  day  might  induce  testi¬ 
cular  regression,  provided  that  no  light  falls  into  the  subjective  night  as  well.  Investiga- 
tions  of  such  a  possibility  seem  promising. 
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Hypothalamic  and  Extrahypothalamic  Brain  Centers  Involved  in  the  Control 
of  Circadian  and  Circannual  Photoneuroendocrine  Mechanisms 

H.  G.  Hartwig 

Most  living  organisms  exhibit  endogenous  daily  and  annual  rhythms  of  metabolic 
and  reproductive  functions.  In  bigber  vertebrales  a  pari  of  tbe  prosencepbalon,  tbe 
diencepbalon,  cbaracterized  by  iis  unique  combination  of  pbotoreceptor  cells  and 
secretory  active  neurons,  plays  a  central  role  in  tbe  Integration  of  extrinsic  and  intrinsic 
information  necessary  for  tbe  syncbronization  of  endogenous  periodicities  witb  daily 
and  annual  cbanges  in  tbe  environmental  conditions. 

In  tbe  following  presentation  cbaracteristic  morpbological  features  of  brain  centers 
and  tbeir  afferent  and  efferent  Connections  involved  in  tbe  control  of  circadian  and  circ¬ 
annual  rbytbms  in  birds  will  be  briefly  summarized.  From  a  comparative  point  of  view 
attention  will  be  focussed  on  brain  centers  triggering  rbytbmic  autonomous  functions 
in  mammals. 


Diencepbalon 

Disturbances  of  circadian  and  circannual  functions  induced  by  surgical  lesions  indi- 
cate  tbat  two  major  components  of  tbe  diencepbalon,  tbe  epitbalamic  pineal  organ  and 
tbe  pbylogenetically  old  periventricular  and  medial  bypothalamus,  are  closely  related 
to  tbe  control  of  endogenous  rbytbms. 

Hypothalamus 

Tbe  morpbological  and  functional  integrity  of  tbe  bypotbalamo-bypopbysial  System 
is  a  necessity  for  tbe  central  nervous  control  of  endogenous  periodicities.  Hypotba- 
lamic  neurons  syntbesizing,  releasing  or  inbibiting  bormones  send  tbeir  axon  terminals 
to  tbe  neurobemal  contact  area  (palisade  layer)  of  tbe  median  eminence.  Tbese  secre¬ 
tory  active  neurons  build  up  tbe  final  neuroendocrine  patbway  triggering  tbe  rbytbmic 
secretory  activity  of  tbe  adenobypopbysis  and  consequently  tbe  activity  cbanges  of  tbe 
peripberal  endocrine  System  via  a  pbasic  release  of  neuropeptides  into  specialized  por¬ 
tal  bypopbyseal  capillaries. 

Tbe  Observation  of  unevenly  distributed  cytoarcbitectonic  parameters  such  as  size 
and  density  of  neurons  led  neuroanatomists  to  tbe  description  of  circumscribed  bypo- 
tbalamic  nuclei.  Recent  immunocytocbemical,  surgical  and  electropbysiological  results 
demonstrated  tbat  tbese  classical  bypotbalamic  nuclei  only  to  a  ratber  limited  extern 
represent  functional  subunits  of  tbe  bypotbalamus  (for  review,  see  Oksche  &  Farner, 
1974;  Oksche,  1978).  From  a  functional  point  of  view  tbe  parvocellular  bypotbalamus 
can  be  divided  into  two  major  subunits  closely  interconnected  by  neuronal  circuits:  tbe 
posterior  bypotbalamic  area  (tuberal  nuclei  and  median  eminence)  and  tbe  anterior 
bypotbalamus  including  tbe  preoptic  region  (see  Fig.  1).  The  parvocellular  anterior  and 
posterior  bypotbalamus  both  contain  a  mosaic-like  pattem  of  neuronal  clusters  com- 
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posed  of  secretory  active  and  conventional  nerve  cells.  These  clusters  are  surrounded 
by  areas  of  neuropil  rieh  in  specific  synaptic  profiles.  They  might  represent  functional 
subunits  of  the  parvocellular  hypothalamus  (for  further  details  and  review,  see  Oksche 
1978  and  1980). 


Figure  1  Schematic  presentation  of  selected,  well  established  inputs  and  Outputs  to  rhythmogenic 
brain  areas  (pineal  organ  and  phylogenetically  old  periventricular  and  medial  anterior  hypotha- 

lamic  region). 

Arrows:  neuronal  mono-  or  multisynaptic  pathways;  large  dots:  neuro-humoral,  and  small  dots: 

humoral  circulation;  for  further  details,  see  text. 

In  mammals  and  birds  the  surgically  deafferented  posterior  hypothalamus  maintains 
a  basal  neuroendocrine  activity  preventing  complete  Involution  of  peripheral  endocrine 
glands.  However,  the  completely  isolated  posterior  hypothalamus  does  not  appear  ca- 
pable  of  integrating  extrinsic  and  intrinsic  Information  necessary  for  synchronizing 
rhythmic  autonomic  functions  with  changes  in  environmental  conditions.  Lesions  of 
afferents  entering  the  basal  (posterior)  hypothalamus  from  an  anterior  direction  inter- 
rupt  time-dependent  neuroendocrine  events  (e.g.  ovulation;  for  review,  see  Follett  & 
Davies,  1975).  Apparently  the  periventricular  and  medial  anterior  hypothalamus  con- 
tains  an  important  nervous  center  Controlling  (or  coupling?)  circadian  and  most  prob- 
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ably  also  circannual  neuroendocrine  events.  In  laboratory  rodents  the  suprachiasmatic 
nuclei  located  dorsal  to  the  optic  chiasma  are  thought  to  generate  circadian  rhythms 
(for  review,  see  Rusak,  1977;  for  the  lateral  hypothalamic  control  of  autonomic 
ihythms  in  mammals,  see  Rowland,1976).  In  birds  the  morphological  delineation  of 
the  suprachiasmatic  nucleus  is  more  difficult  than  in  mammals.  However,  in  birds  and 
in  mammals  the  suprachiasmatic  nucleus  is  the  exclusive  hypothalamic  area  receivmg  a 
direct  retinal  input  (for  review,  see  Bons,  1976;  Hartvcug,  1974). 

In  addition  to  the  direct  retino-hypothalamic  Connection  there  exist  other  accessory 
retinal  afferents  directed  to  extrahypothalamic  autonomic  brain  areas  (e.g.  multisynap- 
tic  pathways  to  the  mesorhombencephalic  reticular  formation  and  to  sympathetic  gan- 
gha,  for  review,  see  Conrad  &  Stumpf,  1975).  However,  circadian  and  circannual  pho- 
toneuroendocrine  mechanisms  m  birds  do  not  depend  on  the  functional  mtegrity  of  the 
visual  System.  Birds  and  lower  vertebrates  possess  a  directly  photosensitive  dience- 
phalon.  At  least  m  the  House  Sparrow  the  eyes  do  not  participate  m  the  photoperiodic 
photoreception  controllmg  seasonal  gonadal  activities  (Menaker  and  coworkers,  see 
McMillan  et  ah,  1975).  Several  investigators  attempted  to  localize  the  site  of  extrareti¬ 
nal  diencephalic  photosensitivity  by  implanting  pieces  of  radioluminescent  material  or 
light  conductmg  optic  fibers  into  various  hypothalamic  and  extrahypothalamic  brain 
regions  (for  review,  see  Yokoyama  et  ah,  1978).  According  to  the  findings  of  Yoko- 
yama  et  al.  (1978)  in  the  White-crowned  Sparrow,  Zonotrichia  leucophrys  gambelii,  “the 
diencephalic  photoreceptors  must  lie  either  within  the  ventromedial  hypothalamus  or  in 
sites  ventral  thereto  such  as  the  tuberal  complex  .  This  assumption  is  m  agreement  with 
the  observation  that  m  the  Japanese  Quail  the  deafferented  basal  hypothalamus  is  ca- 
pable  of  mediating  light-dependent  gonadal  growth  induced  by  local  implants  of 
radio-luminescent  material  (Oliver  et  ah,  1977). 

Neither  the  exact  anatomical  location  nor  the  afferent  and  efferent  connections  or 
the  structure  of  extraretinal  diencephalic  light  receptors  are  known.  McMillan  et  ah 
(1975)  have  shown  that  in  the  House  Sparrow  diencephalic  light  receptors  can  be  stim- 
ulated  by  an  extremely  low  intensity  of  experimental  illumination  (0.15  erg/cm^  for 
k  =  600  — 700  nm).  Only  about  10~^  °/o  of  photons  (k  =  600  — 700  nm)  penetrate 
through  the  intact  skull  down  mto  the  tuberal  hypothalamus  (Hartwig  &  van  Veen, 
1978).  Under  the  view  of  these  data  the  energy  values  of  McMillan  et  ah  (1975)  can 
be  calculated  as  photons/sec  reaching  the  tuberal  hypothalamus.  This  value  is  in  the 
ränge  of  the  sensitivity  threshold  of  the  dark  adapted  retina.  Since  photopigments  are 
kown  to  be  the  most  light  sensitive  compounds  in  vertebrates,  one  might  conclude  that 
diencephalic  photoreceptors  contain  photopigments  (for  other  possible  candidates  such 
as  carotenoid  chromophores,  light  sensitive  enzymes,  see  Hartwig,  1975).  Microspec- 
trophotometric  recordings  (Hartwig,  1975;  see  also  Oksche  &  Hartwig,  1975)  in 
30  —  50  pm  frozen  brain  sections  of  small  individuals  of  fish  (Phoxinus  phoxhins,  Salmo 
gairdneri,  Carassius  auratus)  and  frog  tadpoles  (Kana  temporaria)  demonstrated  that  a 
hypependymal  area  located  rostral  to  the  paraventricular  organ  contains  a  photolabile 
compound  (absorption  maximum:  560  to  580  nm;  specific  density  of  0.0057  — 
0.0114  E/pm  at  Microspectrophotometric  recordings  in  larger  individuals  of  the 
same  species  of  fish  as  well  as  investigations  in  brain  slices  of  the  House  Sparrow  failed 
to  detect  this  substance  (due  to  technical  and  physical  limitations,  see  Hartax^g,  1975). 
In  Phoxinus  phoxinus  and  in  tadpoles  of  Kana  temporaria  this  conspicuous  area  located 
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at  the  borderline  between  Hypothalamus  and  thalamus  is  rieh  in  bulbous  cilia  of  the 
sensory  type  (9x2  +  0)  projecting  into  the  cerebrospinal  fluid  (Oksche  &  Hartwig, 

1975) .  These  bulbous  cilia  closely  resemble  outer  segments  of  early  developmental 
stages  of  retinal  photoreceptor  cells. 

Diencephalic  photoreceptors  analyze  the  intensity  of  environmental  light.  The  meas- 
ured  light  intensity  values  are  correlated  to  the  signals  of  the  enigmatic  “master  clock”. 
Thus,  diencephalic  extraretinal  photoreceptors  are  not  concerned  with  visual  functions. 
Visual  photoreceptor  cells  depend  on  a  high  local  concentration  of  photopigments 
(lamellated  outer  segments).  Light  intensities  could  easily  be  measured  by  a  large  num- 
ber  of  scattered  low-sensitive  elements  interconnected  by  an  integrating  apparatus.  The 
observed  bulbous  cilia  might  be  a  morphological  correlate  of  the  deep  diencephalic 
photoreceptor. 

Only  the  neuroepithelial  matrix  of  the  diencephalic  primordium  is  capable  of  form- 
ing  photoreceptor  cells.  Sacerdote  (1971)  in  lesion  experiments  in  adult  crested  newts, 
Triturus  cristatus,  inserted  methylene  blue-soaked  barriers  at  the  level  of  the  rostral 
median  eminence.  This  barrier  induced  the  differentiation  of  ectopic  retinal  structures 
in  the  basal  Hypothalamus  indicating  the  potential  capacity  of  the  tuberal  Hypothalamus 
to  develop  photoreceptors.  Sacerdote’s  observation  provides  further  evidence  for  the 
assumption  that  extraretinal  diencephalic  photoreceptors  must  be  located  in  the  ventro- 
medial  Hypothalamus  or  in  the  tuberal  area. 

Pineal  organ 

The  pineal  organ  develops  as  a  sac-like  evagination  of  the  dorsal  diencephalic  roof. 
In  birds  three  major  morphological  types  of  pineal  Organs  (saccular  in  House  Sparrow; 
tubulofollicular  in  pigeon  and  duck;  lobular  in  fowl)  can  be  differentiated.  Electrophy- 
siological  recordings  of  pineal  multiple  unit  activity  in  various  avian  species  failed  to 
demonstrate  a  direct  pineal  photosensitivity  which  is  well  established  in  pineal  Organs 
of  lower  vertebrates  (for  review,  see  Menaker  &  Oksche,  1974).  In  the  House  Spar¬ 
row  and  in  other  avian  species  the  pineal  organ  is  connected  to  other  brain  areas  via  a 
pineal  stalk  containing  a  bündle  of  unmyelinated  nerve  fibers.  Interruption  of  the  pineal 
stalk  fibers  apparently  does  not  interfere  with  rhythmic  pineal  functions  (see  below). 
The  pineal  organ  synthesizes  indolamines  (predominantly  serotonin  and  melatonin). 
The  rate  of  indolamine  synthesis  depends  on  the  light  perceived  in  retinal  photorecep¬ 
tor  cells  and  on  various  hormonal  factors  (for  review,  see  Ralph  et  ah,  1975;  Preslock, 

1976) .  In  mammals,  photic  Information  is  mediated  to  the  pineal  organ  via  the  sym- 
pathetic  superior  cervical  ganglion.  In  contrast  to  the  Situation  in  mammals,  apparently 
in  the  Quail  the  superior  cervical  ganglion  is  not  involved  in  the  transmission  of  reti- 
nally  perceived  light  impulses  (Herbute  &  Bayle,  1976). 

The  secretory  activity  of  the  pineal  organ  modulates  circadian  and  circannual  photo- 
neuroendocrine  responses.  It  is  important  to  note  that  the  resulting  autonomic  effects 
of  pineal  secretory  products  depend  on  the  actual  metabolic  and  hormonal  Situation  of 
the  analyzed  specimen  (Balemans,  1972). 

Pinealectomy  in  the  House  Sparrow  results  in  a  loss  of  circadian  rhythmicity.  Trans¬ 
plantation  of  pineal  tissue  into  the  anterior  eye  chamber  restores  circadian  rhythmicity 
(ZiMMERMAN,  1976).  Thus,  the  pineal  acts  as  a  neurosecretory  organ  and  not  via  neu- 
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ronal  spikes  transmitted  through  the  pineal  stalk  fibers.  In  this  respect  it  is  interesting 
that  the  blood-brain  barrier  is  not  present  in  the  pineal  organ  of  the  House  Sparrow 
(Hartwig,  unpublished  results  of  long-period  i.p.  application  of  trypan  blue). 

Pinealectomy  in  European  Starlings  did  not  interrupt  circadian  activity  rhythms  in 
all  individuals  investigated  (Gwinner,  1977).  Future  experiments  (e.g.  rhythmic  appli¬ 
cation  of  pineal  secretory  products)  may  be  helpful  in  elucidating  the  question  whether 
the  pineal  functions  as  a  self-sustaining  circadian  oscillator  or  whether  pineal  hormonal 
Signals  act  as  a  coupling  agent  for  various  central  nervous  oscillators  (for  details,  see 
Gwinner,  1980).  It  should  be  noted  that  the  contradictory  results  of  pinealectomy  in 
the  House  Sparrow  and  in  the  European  Starling  might  depend  on  the  fact  that  indol- 
amines  synthesized  in  the  pineal  organ  have  also  been  found  in  other  sites  of  brain  tissue 
(e.g.  retinal  melatonin). 

Extradiencephalic  inputs  to  the  Hypothalamus 

Daily  and  seasonal  changes  of  environmental  Illumination  perceived  by  extraretinal 
diencephalic  photoreceptors  are  the  most  important  environmental  input  to  hypotha- 
lamic  oscillating  Systems.  However,  it  is  well  established  that  a  large  quantity  of  addi¬ 
tional  extradiencephalic  afferents  modulate  the  hght-dependent  response  pattem. 
Inputs  to  the  hypothalamus  may  be  classified^  as  a)  humoral  and  b)  neuronal.  Only  a 
limited  number  of  these  inputs  have  been  analyzed  in  detail.  In  the  following  attention 
will  be  focussed  as  an  exemplitory  excurse  to  three  autonomic  inputs  to  the  hypotha- 
lamohypophysial  System:  1)  sex  Steroid  level,  2)  ascending  monoamine  System  of  the 
reticular  formation,  and  3)  telencephalic  effects  on  rhythmic  neuroendocrine  events. 

Sex  Steroid  hormones 

In  birds  as  well  as  in  other  vertebrates  a  considerable  number  of  periventricular  and 
medial  anterior  hypothalamic  and  tuberal  neurons  take  up  sex  Steroid  hormones  in  a 
receptor-like  manner.  “Sex  Steroid  hormone  retention  may  be  the  first  Step  in  the  mod- 
ulation  of  neuroendocrine  events  and  sex  behavior”  (Morrell  et  ah,  1975).  The  ante¬ 
rior  hypothalamic  Steroid  binding  neurons  are  located  in  a  hypothalamic  area  charac- 
terized  by  the  presence  of  LH-RH  producing  perikarya  (duck  and  Quail;  Blähser, 
1977;  duck:  Bons  et  ah,  1978).  However,  it  remains  to  be  elucidated  whether  LH-RH 
Synthesis  and  sex  Steroid  binding  sites  occur  in  one  and  the  same  individual  neuron  (for 
the  puzzling  problem  that  LH-RH  producing  neurons  are  located  outside  the  tuberal 
hypothalamus,  which  itself  functions  as  a  LH-RH  releasing  center,  see  Oksche,  1978; 
for  general  considerations  of  structural  and  functional  properties  of  peptidergic  neu¬ 
rons,  see  Scharrer,  1978). 

Reticular  formation  of  the  meso-rhombencephalon 

In  mammals  and  birds  there  exist  dose  neuroanatomical  interconnections  between 
the  reticular  formation  of  the  lower  brain  stem  and  the  hypothalamus.  Best  analyzed 
are  the  morphological  and  functional  properties  of  the  ascending  monoamine  path- 
ways.  In  mammals  and  birds  monoamine  perikarya  of  the  reticular  formation  project  to 
the  anterior  and  posterior  hypothalamus  including  the  median  eminence  (for  refer- 
ences,  see  Calas  et  ah,  1974).  In  mammals  it  is  well  established  that  ascending  catechol- 
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amine  perikarya  modulate  hypothalamic  neuroendocrine  events  (cf.  Wuttke  et  al., 

1977) ,  whereas  the  ascending  serotonin  fiber  System  is  engaged  in  the  control  of  sleep- 
wakefulness  cycles  (Kiiaumaa  &  Fuxe,  1977).  Recently,  a  delicate  indolamine  fluores¬ 
cence  has  been  found  in  the  suprachiasmatic  area  of  the  Quail  (Hartwig,  unpublished). 
However,  the  input  of  serotonin  afferents  to  the  suprachiasmatic  nucleus  in  mammals 
is  not  critical  for  the  generation  of  circadian  rhythmicity  (Block  &  Zucker,  1977).  In 
the  duck  and  in  the  Quail  noradrenaline  (NA)  perikarya  have  been  localized  in  the 
Locus  coeruleus,  and  serotonin  (5  HT)  perikarya  have  been  identified  in  the  raphe  nuclei 
(unpublished  results;  duck;  Bons,  Calas  &  Hartwig;  Quail:  Hartwig).  In  the  duck, 
the  House  Sparrow  and  in  the  Quail,  periventricular  and  medial  hypothalamic  areas 
are  rieh  in  a  dense  network  of  NA  terminals  and  preterminals.  A  similar  high  concen- 
tration  of  NA  terminals  and  preterminals  exists  in  the  internal  Zone  of  the  median  emi- 
nence,  whereas  only  a  small  number  of  dopamine  —  and  serotonin  —  containing  fluores- 
cent  elements  has  been  identified  in  the  palisade  layer  of  the  median  eminence.  It 
should  be  noted  that  birds  and  lower  vertebrates  in  contrast  to  mammals  do  not  possess 
a  tuberal  dopamine  neuron  System  projecting  to  the  palisade  layer  of  the  median  emi¬ 
nence.  In  the  Japanese  Quail  hypothalamic  deafferentation  results  in  a  dramatic 
decrease  of  fluorescent  structures  indicating  their  extrahypothalamic  origin  (exception: 
paraventricular  organ;  Nozaki  &  Kobayashi,  1975).  In  the  Quail  and  in  the  pigeon  it 
has  been  shown  that  ascending  monoamine  pathways  are  engaged  in  the  control  of  cir¬ 
cadian  and  circannual  neuroendocrine  events  (Quail:  NA  control  of  ovulation,  Camp¬ 
bell  &  WoLFSON,  1974;  pigeon:  control  of  stress-induced  corticosterone  rise  by  raphe 
nuclei,  Maurin  et  ah,  1977). 

In  summary,  the  ascending  monoamine  fiber  Systems  project  to  phylogenetically  old 
periventricular  and  medial  hypothalamic  areas.  These  areas  are  formed  by  neuronal 
cell  clusters  exhibiting  a  patternlike  arrangement.  Future  investigations  should  deal 
with  the  analysis  of  these  cell  patterns  and  their  afferent  fiber  Systems  (see  Oksche, 

1978) . 

Telencephalic  effects  on  periodic  autonomic  functions 

In  birds  telencephalic  effects  on  periodic  autonomic  functions  have  not  been  studied 
in  detail  (for  references  and  effects  of  telencephalic  Stimulation  on  ovulation,  see 
JuHASZ  &  VAN  Tienhoven,  1964).  In  mammals  telencephalic  and  limbic  projections  to 
the  anterior  hypothalamic  region  and  to  the  reticular  formation  of  the  lower  brain  stem 
are  well  established.  One  should  bear  in  mind  that  circadian  oscillations  might  occur 
not  only  in  diencephalic  neuronal  Systems  (e.g.  circadian  rhythm  of  synaptic  excitability 
in  rat  and  monkey  hippocampal  granule  cells,  see  Barnes  et  ah,  1977). 

Summary  and  conclusion 

The  schematic  presentation  in  Fig.  1  deals  with  the  neuronal  and  humoral  afferent 
and  efferent  Connections  of  dienephalic  brain  centers  engaged  in  the  control  of  rhyth- 
mic  autonomic  functions  in  birds.  The  secretory  active  pineal  organ  and  phylogeneti¬ 
cally  old  periventricular  and  medial  areas  of  the  anterior  hypothalamus  formed  by 
interconnected  clusters  of  neurons  seem  to  be  the  major  central  nervous  components 
Controlling  (driving  or  coupling?)  endogenous  rhythmic  activities  of  the  tuberal  hypo- 
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thalamus.  Neuroendocrine  activities  of  the  tuberal  Hypothalamus  trigger  via  the  adeno- 
hypophysis  periodic  peripheral  metabolic  and  endocrine  functions.  Extraretinal  and 
extrapineal  diencephalic  photoreceptors  perceive  environmental  light  cues  and 
synchronize  via  unknovv^n  neuronal  (or  neurohumoral?)  mechanisms  endogenous 
rhythmicity  with  daily  and  seasonal  changes  in  the  environmental  conditions. 

In  Fig.  1  only  selected  and  well  established  neuronal  and  humoral  inputs  and  Outputs 
of  rhythmogenic  brain  areas  are  shown.  Nevertheless,  the  scheme  is  of  a  striking  com- 
plexity.  It  is  easily  conceivable,  that  such  a  complex  pattem  of  neuronal  and  humoral 
feedback  circuits  could  contain  more  than  one  self-sustaining  oscillating  mechanism. 
According  to  Farner  et  al.  (1977)  “photoperiodic  control  Systems  in  birds  are  of  quite 
recent  and  very  probably  of  multiple  origm”.  Thus,  it  would  not  be  surprising  to  find 
differences  m  the  location  and  functional  properties  of  brain  centers  supervising  photo¬ 
periodic  mechanisms.  Moreover,  it  should  be  noted  that  contradictory  results  from 
similar  experimental  approaches  might  be  based  on  the  fact  that  m  the  course  of  recov¬ 
ery  of  experimentally  induced  disturbances  the  central  nervous  System  constructs  new 
and  independent  self-sustainmg  oscillating  neuronal  circuits.  In  mtact  and  experimental 
animals  the  coupling  of  multiple  oscillating  centers  might  depend  on  various  individual 
Parameters  such  as  age,  Hormone  levels  and  actual  metabolic  Situation. 
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Introduction 

The  enterprise  of  aitempting  to  understand  the  physiological  mechanisms  that 
underlie  the  generation  and  control  of  circadian  rhythms  in  multicellular  organisms  is 
at  an  exciting  and  propitious  stage  (for  review,  see  Menaker  et  ah,  1978).  Although 
thirty  years  ago  Kramer’s  (1950)  demonstration  of  sun  compass  Orientation  in  Star- 
hngs  implied  that  birds  possess  internal  biological  clocks,  progress  in  unravelling  the 
physiological  mechanisms  of  circadian  rhythmicity  in  birds  has  been  slow.  However, 
since  the  initial  demonstration  that  House  Sparrows  (Passer  domesticus)  synchronized 
their  circadian  activity  to  hght-dark  cycles  without  their  eyes,  steady  progress  has  been 
made  m  locatmg  some  of  the  major  components  of  the  ^'circadian  System”  in  this  spe- 
cies.  We  are  now  in  a  position  to  say  that  certain  Organs  and  groups  of  cells  in  the 
Sparrow  brain  contain  components  crucial  for  the  integration  of  circadian  rhythmicity 
at  an  organismal  level.  In  this  paper  we  review  what  is  currently  known  about  the  phys- 
lology  of  the  circadian  System  of  the  House  Sparrow.  Although  the  “system”  appears 
complex,  we  feel  it  is  tractable  and  open  to  experimental  analysis  at  both  organismal 
and  subcellular  levels. 

We  have  divided  the  paper  into  sections  which  focus  upon  different  aspects  of  the 
Sparrow  circadian  System.  Since  lighting  information  is  the  most  important  input  to  the 
circadian  System,  we  first  describe  the  photoreceptors  that  mediate  the  various  effects 
of  light.  Then  we  consider  two  neural  structures,  the  pmeal  and  the  suprachiasmatic 
nuclei,  which  are  required  for  the  persistence  of  circadian  rhythmicity  in  sparrows.  The 
subsequent  sections  focus  upon  experiments  that  were  designed  to  determine  whether 
or  not  the  pineal  gland  is  the  pacemaker  which  drives  the  circadian  System  of  the 
House  Sparrow.  Fmally,  we  present  evidence  that  the  pineal  is  indeed  a  circadian  oscil- 
lator  by  virtue  of  the  demonstration  of  the  biochemical  rhythm  in  isolated  pineals  that 
persists  m  vitro.  In  the  discussion  we  have  tried  to  summarize  what  we  know  about 
avian  circadian  Systems  and  to  speculate  on  their  general  Organization. 

Photoreceptors  for  entrainment 

In  the  House  Sparrow  both  retinal  and  extraretmal  photoreceptors  mediate  entrain¬ 
ment  of  circadian  activity  rhythms  to  light-dark  cycles.  The  locomotor  rhythms  of 
enucleated  House  Sparrows  can  be  synchronized  by  ambient  light  cycles  of  veiy  low 
intensity  (Menaker,  1968).  In  addition,  light  perceived  extraretinally  affects  the  free- 
running  periods  of  the  rhythms  of  birds  exposed  to  different  intensities  of  constant 
light  (Aschoff’s  Rule)  and  also  contributes  to  the  production  of  arrhythmic  activity  by 
high  intensities  of  constant  light.  The  extraretinal  photoreceptors  mediating  these  three 
responses  are  located  within  the  brain  of  the  Sparrow  (Menaker,  1971;  McMillan  et 
ah,  1975  a,  b,  c).  Recent  experiments  using  fiber  optics  to  illuminate  discrete  regions  of 
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the  brain  indicate  that  the  photoreceptors  may  be  localized  and  perhaps  numerous 
(Menaker  et  al.,  unpublished  results). 

The  eyes  (presumably  the  retinae)  of  House  Sparrows  also  mediate  effects  of  light 
that  contribute  to  the  three  circadian  parameters  already  described.  The  eyes  and 
extraretinal  photoreceptors  are  additive  in  their  interaction.  In  the  case  of  arrhythmi- 
city  induced  by  constant  light,  the  eyes  are  necessary  in  Order  to  achieve  arrhythmicity 
(McMillan  et  ah,  1975  a,  b,  c). 

Effects  of  pinealectomy 

Searching  for  the  extraretinal  photoreceptors  that  entrain  activity  rhythms  in  Spar¬ 
rows,  Gaston  &  Menaker  (1968)  removed  pineal  glands  from  blind  Sparrows 
entrained  to  light-dark  cycles  and  found  that  entrainment  to  light  persisted.  This  esta- 
blished  that  if  the  avian  pineal  is  photoreceptive,  it  is  not  the  sole  brain  photoreceptor 
because  entrainment  occurs  in  the  absence  of  both  the  eyes  and  the  pineal. 

Although  the  pineal  is  not  required  for  entrainment,  its  removal  has  dramatic  effects 
on  the  persistence  of  circadian  rhythmicity  in  constant  darkness  (Fig.  la).  In  constant 
conditions  pinealectomy  abolishes  free-running  rhythmicity  in  House  Sparrows  (Gas¬ 
ton  &  Menaker,  1968;  Binkley  et  ah,  1971).  Spectral  analysis  of  the  activity  records 
indicates  that  pinealectomized  Sparrows  are  indeed  arrhythmic  and  do  not  show  resid¬ 
ual  ultradian  periodicities.  Within  broad  limits,  the  quantity  of  activity  is  not  changed 
by  pinealectomy  but  rather  is  evenly  distributed  with  respect  to  time  (Binkley  et  ah, 
1972).  When  birds  are  entrained  to  light  cycles  before  they  are  released  into  constant 
darkness,  arrhythmicity  is  attained  gradually  over  many  cycles  during  which  the  dura- 
tion  of  the  active  portion  lengthens  until  continuous  activity  occurs  (Fig.  Ib).  For  LD 
8  :  16  light  cycles,  the  mean  number  of  cycles  before  arrhythmicity  is  8.1  ±  2.8  cycles 
(x  ±  S.  D.,  N  =  15).  When  pinealectomy  is  performed  in  constant  darkness,  the  mean 
number  of  cycles  before  arrhythmicity  is  reduced  to  5.3  ±  5.4  cycles  (x  ±  S.  D., 
N  =  19)  (from  Gaston,  1969). 

In  certain  light  cycles,  especially  ones  with  short  light  portions  or  with  a  period 
length  greater  than  24  hours,  the  activity  onset  of  Sparrows  precedes  the  onset  of  light. 
This  “phase  lead”  of  the  activity  rhythm  reflects  the  entrainment  behavior  of  endogene- 
ous  circadian  oscillators  (Aschoff,  1960).  In  pinealectomized  Sparrows  on  light  — 
dark  cycles  the  phase  lead  of  the  activity  rhythm  persists  (Fig.  Ib)  and  on  the  average  is 
increased  (Gaston,  1971). 

In  constant  environmental  conditions  the  pineal  is  crucial  for  the  persistence  of 
free-running  rhythmicity.  Thus  pineal  removal  abolishes  the  feature  which  is  the  most 
important  criterion  for  the  existence  of  a  circadian  rhythm  —  its  self-sustained  free- 
running  oscillation.  Whether  or  not  the  abolition  of  this  feature  of  circadian  rhythms 
justifies  the  conclusion  that  the  pineal  is  the  “clock”  will  be  discussed  later.  Whatever 
role  the  pineal  gland  plays  in  the  Sparrow,  it  is  clear  that  the  pineal  cannot  contain  the 
entire  circadian  System  because  Sparrows  can  synchronize  to  light  cycles  without  their 
pineals.  Since  the  activity  of  pinealectomized  Sparrows  appears  to  be  entrained  rather 
than  directly  driven  by  light  cycles  and  since  the  activity  rhythm  gradually  decays  in 
constant  darkness,  it  has  been  proposed  that  in  addition  to  the  pineal  gland  there  is  a 
“damped”  oscillator  which  has  access  to  environmental  light  and  which  directly  drives 
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locomotor  activity  (Gaston  &  Menaker,  1968;  Menaker  &  Zimmerman,  1976).  An 
alternative  to  this  model  is  that  there  are  multiple  oscillators,  located  outside  the  pineal, 
which  have  photoreceptive  input  and  are  entrained  or  driven  by  the  pineal  gland. 
Under  normal  conditions  the  pineal  would  serve  to  “couple”  these  oscillators  so  that 
they  maintain  cohesive  phase  relationships  to  one  another  and  behave  synchronously  as 
a  unit.  The  arhythmia  of  pinealectomized  Sparrows  in  constant  conditions  would  then 
result  from  the  constituent  oscillators  free-running  and  drifting  out  of  phase  with  one 
another  (Gaston  &  Menaker,  1968;  Gwinner,  1978). 

0  _ HOURS  24 


Figure  1.  The  effect  of  pineal  removal  on 
the  activity  of  House  Sparrows.  Fach  hor¬ 
izontal  line  represents  the  activity  record 
during  a  24-hour  interval.  The  record  is 
continuous;  each  successive  day  is  below 
the  previous  one  with  time  progressing 
from  left  to  right  and  top  to  bottom.  The 
bird  is  active  where  the  record  is  dense.  (A) 
An  example  of  a  sparrow  which  was  pineal¬ 
ectomized  while  free-runnmg  m  constant 
darkness.  The  Operation  was  performed  on 
day'  19,  indicated  by  the  arrow.  (B)  The 
entrainment  of  a  pinealectomized  sparrow. 
The  bird  was  in  constant  darkness  until  day 
16  when  a  LD  8  :  16  light  cycle  (indicated 
by  the  arrows)  was  initiated.  On  day  29, 
the  sparrow  was  transferred  to  constant 
darkness.  (from  Gaston  &  Menaker, 
1968). 


Recent  eyperiments  indicate  that  the  lauer  explanation  of  the  behavior  of  pinealec¬ 
tomized  sparrows  is  more  plausible.  Pinealectomized  sparrows  exhibit  abnormal  activ¬ 
ity  patterns  in  certain  light  cycles  which  have  an  interrupted  light  portion  (i.e.,  “ske- 
leton”  light  cycles).  The  behavior  of  House  Sparrows  has  been  extensively  studied  in 
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such  skeleton  light  cycles  and  the  results  strongly  suggest  that  the  behavior  of  pinealec- 
tomized  Sparrows  reflects  the  behavior  of  a  population  of  oscillators  located  outside 
the  pineal  (Takahashi,  et  ah,  unpublished  results). 

Role  of  the  suprachiasmatic  nuclei 

In  mammals,  lesions  that  destroy  the  suprachiasmatic  nuclei  of  the  hypothalamus 
abolish  a  variety  of  circadian  rhythms  and  disrupt  entrainment  to  light-dark  cycles. 
Suprachiasmatic  lesions  have  been  shown  to  eliminate  free-running  circadian  rhythms 
in  a  variety  of  rodents  and  in  one  primate.  These  results  have  been  generally  inter- 
preted  as  evidence  that  the  suprachiasmatic  nuclei  act  as  a  circadian  pacemaker  in  the 
mammalian  circadian  System  (Menaker  et  ah,  1978;  Moore,  1978,  for  reviews). 


Figure  2.  The  effect  of 
suprachiasmatic  lesions 
on  the  activity  of  House 
Sparrows.  This  figure  is 
“double  plotted”  so  that 
each  horizontal  line  is  48 
hours  in  duration.  (A) 
Effect  of  a  lesion  on  cir¬ 
cadian  activity  in  con- 
stant  darkness.  The 
Operation  was  performed 
at  the  time  indicated  by 
the  arrow.  (B)  Entrain¬ 
ment  of  a  lesioned  spar- 
row.  The  bird  is  in  a 
LD  12:12  light  cycle 
(indicated  by  the  small 
arrows)  for  15  days.  The 
heavy  arrow  on  the  right 
hand  side  of  the  figure 
indicates  when  bird  was 
transferred  to  constant 
darkness.  (from  Taka¬ 
hashi  &  Menaker,  in 
preparation). 


In  the  House  Sparrow,  the  avian  “homologue”  of  the  mammalian  suprachiasmatic 
nucleus  has  been  described  by  Crosby  &  Woodburne  (1940).  Additionally,  Hartwig 
(1974)  has  reported  a  direct  retinal  projection  to  the  contralateral  suprachiasmatic  nu¬ 
cleus  in  Passer.  In  view  of  the  anatomical  similarities  of  the  suprachiasmatic  nuclei  in 
birds  and  mammals,  we  speculated  that  functional  similarities  might  also  exist.  We  were 
particularly  interested  in  the  possibility  that  the  suprachiasmatic  nuclei  might  contain 
the  oscillator(s)  located  outside  the  pineal  gland. 
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Figure  2  a  shows  the  effect  of  a  lesion  that  destroyed  both  the  suprachiasmatic  nuclei 
(Takahashi  &  Menaker,  ln  prepararion).  Notice  that  the  free-running  activity  rhythm 
eypressed  before  the  lesion  is  severely  disrupted  after  supraciasmatic  ablation.  This 
result  is  representative  of  ten  sparrows  which  sustained  lesions  bilaterally  destroying  at 
least  80  %  of  the  suprachiasmatic  nuclei.  Spectral  analysis  of  the  activity  records  of 
these  birds  indicates  that  the  activity  is  arrhythmic.  Unhke  hamsters  bearing  suprachias¬ 
matic  lesions  (Rusak,  1977),  sparrows  with  such  lesions  rarely  express  residual  ultra- 
dian  periodicities  in  their  activity.  Lesions  that  spared  the  suprachiasmatic  nuclei  were 
completely  ineffective  in  eliminating  free-running  circadian  rhythmicity.  Partial  lesions 
or  unilateral  suprachiasmatic  lesions  also  did  not  abolish  rhythmicity;  although  in  some 
cases  there  is  evidence  for  unstable  rhythms. 

When  sparrows  that  are  arrhythmic  as  a  result  of  suprachiasmatic  lesions,  are 
exposed  to  light-dark  cycles,  they  express  rhythmic  activity  patterns  (Fig.  2  b).  Since 
the  activity  onset  precedes  the  onset  of  the  light  portion  in  some  light  cycles  and  since 
the  activity  rhythm  appears  to  “damp”  out  when  sparrows  are  transferred  from  a  light 
cycle  to  constant  darkness,  it  appears  that  suprachiasmatic  lesioned  sparrows  retain  the 
ability  to  entrain  to  light  cycles.  Thus,  to  a  first  approximation  the  results  of  suprachi¬ 
asmatic  lesions  are  indentical  to  those  of  pinealectomy  in  Passer.  Both  surgical  proce- 
dures  abolish  free-running  rhythmicity  in  constant  darkness,  but  do  not  abolish 
entrainment  to  light  dark  cycles.  These  results  raise  two  sets  of  questions  concerning 
the  Organization  of  the  circadian  System  of  the  Fiouse  Sparrow.  First,  what  is  the  rela¬ 
tive  importance  of  the  pineal  gland  and  the  suprachiasmatic  nuclei  in  generating  circa¬ 
dian  rhythms  m  birds  and  how  do  they  mteract?  Second,  are  the  avian  pineal  and  supra¬ 
chiasmatic  nuclei  autonomous  circadian  oscillators?  The  sections  that  follow  attempt 
to  address  these  questions. 


Neural  Connections  of  the  pineal 

In  mammals,  the  pineal  must  receive  an  intact  Innervation  from  the  suprachiasmatic 
nuclei  in  Order  to  express  circadian  rhythmicity.  Interference  with  the  neural  pathways 
from  the  suprachiasmatic  nuclei  to  the  pineal,  which  include  fibers  whose  cell  bodies  lie 
in  the  Superior  cervical  ganglia,  results  in  the  elimination  of  the  rhythm  of  pineal 
N-acetyltransferase  activity  (Moore  &  Klein,  1974). 

In  sparrows,  the  pineal  also  receives  sympathetic  input  from  fibers  originating  in  the 
Superior  vervical  ganglia.  The  only  known  neural  output  from  the  pineal  is  a  set  of 
unmyehnated,  acetylcholinesterase-positive  fibers  which  leave  the  pineal  ventrally 
through  its  stalk.  In  Order  to  determine  whether  the  known  neural  inputs  or  Outputs  of 
the  pineal  were  necessary  to  sustain  circadian  rhythmicity,  Zimmerman  &  Menaker 
(1975)  attempted  to  isolate  the  pineal  from  its  neural  Connections.  Neither  surgical 
Interruption  of  the  fibers  leaving  the  pineal  stalk  nor  chemical  sympathectomy  with  sys- 
temic  6-hydrocydopamine  injections  nor  both  procedures  together  eliminated  free-run¬ 
ning  circadian  rhythmicity.  This  demonstrates  that  neural  Connections  are  not  neces¬ 
sary  for  the  Sparrow  pineal  to  function  within  the  circadian  System  and  that,  unlike  the 
mammalian  pineal,  the  avian  pineal  may  not  require  neural  input  from  the  suprachias¬ 
matic  nuclei.  Since  neural  coupling  is  not  necessary,  Zimmerman  &  Menaker  (197p) 
proposed  that  the  pineal  was  hormonally  coupled  to  the  rest  of  the  circadian  System. 
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Pineal  transplantation 

If  the  pineal  is  hormonally  coupled  to  the  circadian  System,  then  it  should  be  possible 
to  restore  rhythmicity  in  an  arrhythmic  pinealectomized  sparrow  by  transplanting  the 
pineal  of  a  donor  bird.  Gaston  (1971)  first  reported  limited  but  tantalizing  success  in 
this  endeavor.  Only  some  years  later  were  Zimmerman  &  Menaker  (1975)  able  to 
transplant  pineals  successfully  on  a  regulär  basis.  Figure  3  illustrates  the  result  of  trans¬ 
planting  the  pineal  gland  from  a  donor  bird  into  the  anterior  chamber  of  the  eye  of  an 
arhythmic  pinealectomized  recepient.  Pineal  transplantation  unambiguously  restores 
circadian  rhythmicity  in  pinealextomized  sparrows  (Zimmerman  &  Menaker,  1975; 


Figure  3.  The  effect  of  pineal  transplantation 
on  the  activity  of  a  pinealectomized  sparrow  in 
constant  darkness.  A  pineal  from  a  donor  bird 
was  transplanted  into  the  anterior  chamber  of 
the  eye  of  the  recipient  on  the  day  indicated  by 
the  arrow.  (from  Zimmerman  &  Menaker, 
1976). 

Menaker  &  Zimmerman,  1976).  Note  that  rhythmicity  is  apparent  within  one  or  two 
days  after  transplantation  making  it  unlikely  that  sympathetic  reinnervation  from  the 
iris  is  necessary.  These  results  strongly  suggest  that  the  pineal  is  indeed  hormonally 
coupled  (at  least  on  its  output  side)  to  the  rest  of  the  circadian  System. 

The  result  of  restoring  rhythmicity  by  pineal  transplantation,  however,  does  not 
allow  US  to  discriminate  between  two  possible  interpretations  of  the  pineal’s  role  in  the 
circadian  System  of  the  sparrow.  The  first  and  more  interesting  interpretation  is  that 
the  pineal  is  the  pacemaker  which  drives  the  circadian  System.  The  second  interpreta¬ 
tion  is  that  the  pineal  plays  a  permissive  role,  allowing  the  expression  of  circadian 
rhythmicity  generated  by  a  pacemaker  located  elsewhere.  In  Order  to  discriminate 
between  these  alternatives,  it  is  necessary  to  demonstrate  that,  in  addition  to  restoring 
rhythmicity,  pineal  transplantation  transfers  some  property  of  the  pacemaker.  Zimmer¬ 
man  &  Menaker  (MS  submitted)  tested  this  proposition  by  attempting  to  transplant  the 
phase  of  the  rhythm  of  the  donor  bird.  They  found  that  the  phase  of  the  restored 
rhythm  was  closely  related  to  the  phase  of  the  donor  bird  and  was  not  randomly  distri- 
buted  nor  correlated  with  the  time  of  surgery.  Thus,  this  experiment  strongly  Supports 
the  hypothesis  that  the  pineal  is  a  pacemaker  within  the  Sparrow  circadian  System. 
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Effects  of  melatonin 

Since  the  pineal  organ  appears  to  be  hormonally  coupled  on  its  output  side  to  the 
rest  of  the  circadian  System  of  the  House  Sparrow,  a  likely  candidate  for  this  role  is 
melatonin,  an  mdoleamme  which  is  actively  synthesized  in  pineals.  Melatonin  exhibits  a 
circadian  rhythm  m  both  pineal  content  and  serum  levels  (Ralph  et  ab,  1974).  Pineal 
melatonin  thus  could  act  at  sites  remote  from  the  pineal.  As  a  first  Step  in  addressing 
the  question  of  whether  melatonin  is  involved,  Turek  et  al.  (1976)  implanted  intact 
sparrows  with  chronic  doses  of  melatonin.  They  found  that  low  doses  of  melatonin 
shorten  the  free-running  period  lengths  of  the  activity  rhythms  and  that  high  doses 
induce  continuous  activity  that  approaches  arrhythmicity.  These  data  support  the 
notion  that  melatonin  is  involved  in  the  control  of  circadian  locomotor  rhythmicity; 

however,  they  do  not  demonstrate  how  exogenous  melatonin  acts  nor  what  role 
endogenous  melatonin  plays. 

Biochemistry  of  the  pineal  gland:  Rhythmicity  in  vitro 

A  great  deal  is  known  about  the  biochemistry  of  the  mammalian  pineal  (Axelrod, 
1974;  Axelrod  &  Zatz,  1977,  for  reviews).  The  synthesis  of  melatonin  appears  to  be 
regulated  by  the  activity  of  the  enzyme,  N-acetyltransferase.  In  rats,  the  activity  of  this 
enzyme  exhibits  a  spectacular  circadian  rhythm  giving  rise  to  a  50-fold  increase  in 
enzymatic  activity  at  night.  The  activity  of  N-acetyltransferase  appears  to  be  regulated 
by  ß-adrenergic  receptors  which  are  innervated  by  sympathetic  fibers  which  originate 
m  the  Superior  cervical  ganglia  (Axelrod  &  Zatz,  1977,  for  review). 

In  chickens  the  activity  of  pineal  N-acetyltransferase  exhibits  a  circadian  rhythm 
which  persists  for  at  least  two  cycles  in  constant  darkness  (Binkley  &  Geller,  1975). 
The  control  of  N-acetyltransferase  activity,  however,  appears  to  be  different  in  birds 
and  mammals.  The  activity  of  pineal  N-acetyltransferase  appears  to  be  free  of  sym¬ 
pathetic  control  in  birds  (Binkley,  1976).  In  view  of  these  results  and  those  of  the 
pineal  transplantation  eyperiments,  it  is  possible  that  the  rhythmicity  of  avian  pineals 
may  originate  within  the  gland  itself.  Indeed  this  possibility  seems  correct.  Binkley  et 
al.  (1977)  have  shown  that  the  timing  of  the  decline  in  enzyme  activity  in  vitro  is 
related  to  the  light  cycle  to  which  the  chicks  were  previously  exposed  and  not  to  the 
time  the  glands  were  placed  into  culture.  Two  other  laboratories  have  now  documented 
a  rise  and  fall  in  N-acetyltransferase  activity  in  isolated  pineals  during  the  first  24  hours 
in  culture  (Deguchi,  1979;  Wainwright  &  Wainwright,  MS  submitted).  Kasal  et  al. 
1979  have  demonstrated  that  the  rhythm  is  indeed  circadian,  persisting  for  two  cycles 
m  vitro  in  constant  darkness.  Thus,  the  chick  pineal  is  clearly  a  circadian  oscillator. 


Discussion 

Although  we  are  far  from  a  complete  descnption  of  the  Sparrow  circadian  System, 
we  can,  nevertheless,  dehneate  its  major  components”.  The  Sparrow  pineal  clearly 
plays  a  dominant  role.  The  transplant  experiments  show  that  the  pineal  confers  phase 
and  periodicity  upon  the  System.  The  in  vitro  experiments  demonstrate  that  the  chicken 
pineal  is  a  self-sustained  oscillator.  It  seems  reasonable  to  assume  that  the  Sparrow 
pineal  is  also  a  circadian  oscillator  and  that  it  is  this  property  of  the  pineal  that  enables 


432 


SYMPOSIUM  ON  CIRCADIAN  RHYTHMS 


the  intact  circadian  System  to  express  self-sustained  rhythmicity.  Since  there  is  evidence 
for  multiple  oscillators  located  outside  the  pineal,  we  propose  that  the  pineal  exerts  an 
integrative  influence  upon  these  oscillators  so  that  they  maintain  cohesive  phase  rela- 
tionships  to  one  another  resulting  in  the  expression  of  an  overt  circadian  rhythm. 
Arrhythmicity  produced  by  pinealectomy  would,  on  this  model,  be  the  result  of 
“uncoupling”  the  System,  with  constituent  oscillators  free-running  and  drifting  out  of 
phase  with  one  another.  Coupling  might  be  maintained  by  rhythmic  output  of  pineal 
melatonin  or  some  other  pineal  product. 

The  location(s)  of  the  extra-pineal  oscillators  remains  to  be  determined.  It  is  possible 
that  they  are  located  within  the  suprachiasmatic  nuclei.  However,  such  a  conclusion 
cannot  be  firmly  held  at  this  time  because  sparrows  bearing  suprachiasmatic  lesions 
retain  their  ability  to  entrain  to  light  cycles.  This  indicates  that  there  remains  at  least  a 
damped  oscillator  which  has  access  to  environmental  light  on  its  input  side  and  to  loco- 
motor  activity  on  its  output  side.  Since  lesioned  sparrows  possessed  intact  pineal  glands 
it  is  not  clear  whether  their  entrainment  behavior  is  due  to  the  presence  of  the  pineal  or 
the  existence  of  yet  a  third  oscillator  (or  set  of  oscillators). 

Since  sparrows  bearing  suprachiasmatic  lesions  are  arrhythmic  inspite  of  the  pres¬ 
ence  of  the  pineal  gland,  it  is  clear  that  neither  the  suprachiasmatic  nuclei  nor  the 
pineal  maintain  the  rhythmicity  of  the  bird  if  the  other  is  removed.  At  the  present  time, 
it  seems  reasonable  to  conclude  that  a  pineal-suprachiasmatic  complex  exerts  integra¬ 
tive  effects  on  the  Sparrow  circadian  System. 

We  have  summarized  what  we  know  about  the  Organization  of  the  Sparrow  circa¬ 
dian  System.  For  comparative  reasons,  the  question  of  the  generality  of  these  results 
among  birds  and  other  vertebrates  is  of  interest.  Indeed,  the  pineal  may  play  a  major 
role  in  vertebrate  circadian  Systems.  Although  in  mammals,  pineal  removal  has  only 
minor  effects  on  circadian  locomotor  rhythmicity  (Quay,  1970;  Kincl  et  ah,  1970)  it  is 
involved  in  the  circadian  control  of  reproduction  (Elliott,  1976).  Although  the  pineal 
of  lizards  does  not  appear  to  be  necessary  for  the  expression  of  rhythmicity,  its  removal 
clearly  weakens  the  coupling  between  at  least  two  oscillatory  components  which  are 
expressed  in  lizard  activity  rhythms  (Underwood,  1977). 

Among  the  birds,  pinealectomy  abolishes  circadian  rhythms  in  Passer  dornesticus 
(Gaston  &  Menaker,  1968),  Zonotrichia  leucophrys  gambelii  (Gaston,  1971),  Zonotri- 
chia  albicollis  (McMillan,  1972)  and  Carpodacus  mexicanus  (Fuchs  &  Enright,  per¬ 
sonal  communication).  In  Starlings,  Sturnus  vulgaris,  pinealectomy  severely  disrupts 
circadian  rhythmicity;  however,  only  a  small  percentage  of  birds  become  permanently 
arrhythmic  (Gwinner,  in  press).  In  chickens,  Gallus  gallus,  (MacBride,  1973)  and  Jap¬ 
anese  Quail,  Coturnix  coturnix  japonica  (Simpson  &  Follett,  1980)  pinealectomy  has 
no  dramatic  effects.  Thus,  even  within  the  dass  Aves,  the  effects  of  pinealectomy  are 
variable.  The  lack  of  effect  of  pinealectomy  in  the  chicken  is  particularly  puzzling  in 
view  of  the  demonstration  that  chicken  pineals  are  capable  of  self-sustained  oscillation 
in  vitro.  Two  factors  may  be  responsible  for  the  variable  results  of  pinealectomy  in 
birds.  The  experimental  conditions  under  which  the  various  studies  were  conducted 
were  different.  This  is  especially  true  of  the  acoustic  environment  which  could  have 
affected  the  results  either  by  allowing  social  entrainment  when  the  white  noise  back- 
ground  was  low  or  absent,  or  by  actively  contributing  to  uncoupling  when  the  white 
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noise  intensity  was  high  (see  Yokoyama,  1980).  Alternatively,  the  variable  effects  of 
pinealectomy  may  be  due  to  true  interspecific  differences.  Such  interspecific  differ- 
ences,  however,  may  not  be  as  profound  as  they  first  appear  to  be.  If  the  avian  supra- 
chiasmatic  nuclei  contain  selfsustained  circadian  oscillators,  then  it  is  possible  that  in 
those  species  in  which  coupling  among  these  oscillators  is  strong,  removal  of  the  pineal 
may  be  without  effect  (e.g.,  chickens,  Quail).  As  Gwinner  1978  has  proposed,  the 
Starling  may  be  an  Intermediate  case  in  which  weak  coupling  exists  among  the  non- 
pineal  (SCN?)  oscillators.  Thus,  pinealectomy  in  starlings  yields  Intermediate  results.  In 
sparrows,  it  appears  that  coupling  among  non-pineal  oscillators  is  extremely  weak  or 
nonexistent  in  the  absence  of  the  pineal.  In  this  case  pinealectomy  leads  to  complete 
uncoupling  of  the  remainig  oscillators  resulting  in  arhythmicity.  Perhaps  a  single  quali¬ 
tative  model  of  the  circadian  System  of  birds  is  sufficient  to  explain  the  effects  of 
pinealectomy  if  differences  in  coupling  strength  among  the  oscillators  that  comprise  the 
rest  of  the  circadian  System  are  taken  into  account. 
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Investigations  on  the  Possible  Roles  of  the  Pineal  and  the  Anterior  Hypothala¬ 
mus  in  Regulating  Circadian  Activity  Rhythms  in  Japanese  Quail 

S.  M.  Simpson  and  B.  K.  Follett 

Introduction 

Birds  possess  an  elaborate  System  of  circadian  rhythms  (review,  Gwinner,  1975) 
which  are  used  not  only  to  regulate  Basic  daily  functions  such  as  locomotor  activity  and 
Body  temperature  But  also  serve  as  essential  components  in  sun-compass  Orientation 
(review,  Hoffmann,  1972)  and  photoperiodic  time-measurement  (review,  Follftt, 
1978).  How  these  rhythms  are  regulated  centrally  has  become  an  important  question 
and  Mfnakfr  and  Bis  colleagues  (Mfnakfr  &  Zimmfrman,  1976)  have  presented 
strong  evidence  for  the  pineal  being  a  primary  oscillator  in  the  House  Sparrow,  regu¬ 
lating  other  rhythmic  functions  via  a  humoral  pathway.  In  rodents  the  pineal  may  not 
Be  a  driving  oscillator  but  there  is  much  research  showing  that  the  suprachiasmatic  nu- 
cleus  is  important  for  the  expression  of  many  circadian  rhythms  (e.g.  Rusak,  1977).  Our 
particular  interest  in  the  problem  arises  from  various  neuroendocrine  studies  in  Jap¬ 
anese  Quail  which  have  shown  that  areas  in  both  the  anterior  and  posterior  hypothala- 
mus  are  vital  for  photoperiodically  induced  growth  (Davifs  &  Follftt,  1975).  A  num- 
ber  of  neural  and  neuroendocrine  functions  must  be  served  by  these  hypothalamic 
areas,  one  of  which  might  be  associated  with  the  circadian-based  photoperiodic  clock. 
Ablation  of  this  clock  in  Quail  can  be  expected  to  render  the  bird  incapable  of  enhanc- 
ing  gonadotrophin  secretion  when  it  is  exposed  to  long  days  (rodents,  Rusak  & 
Morin,  1976;  Stetson  &  Watson-Whitmyre,  1976).  The  possibility,  therefore,  that 
the  anterior  hypothalamus  in  birds  might  house  a  clock  cannot  be  dismissed.  Indeed  it 
becomes  attractive  when  it  is  realised  that  lesions  there  not  only  block  gonadal  growth 
but  can  also  stop  ovulation  —  a  circadian  controlled  event  (Follftt  &  Davifs,  1978)  — 
while  anterior  hypothalamic  deafferentation  in  pigeons  can  inhibit  the  diurnal  rhythm 
in  plasma  corticosterone  (Bouille  et  ah,  1975). 

The  present  research  has  sought  to  ask  whether  the  pineal  and/or  the  anterior  hypo¬ 
thalamus  are  involved  in  the  Quail’s  circadian  System.  Since  it  is  not  yet  possible  to 
monitor  the  circadian  clock(s)  involved  in  photoperiodic  time-measurement  we  have 
turned  to  locomotor  rhythms  as  our  endpoint.  A  drawback  of  Quail  is  that  circadian 
activity  records  in  this  species  are  less  impressive  than  in  perch-hopping  species  but,  de- 
spite  this,  we  have  continued  to  use  Quail  since  so  much  more  is  known  about  their 
neuroendocrinology.  It  must  be  emphasised  that  the  results  below  are  only  preliminary. 

Pinealectomy 

The  pineal  has  been  removed  surgically  from  1 1  sexually  immature  male  Quail  and 
the  activity  patterns  compared  with  those  in  8  sham-operated  animals.  In  all  cases 
records  have  been  collected  for  two  weeks  prior  to  surgery  and  for  7  weeks  thereafter. 
Flistology  of  the  brains  at  this  time  indicated  no  identifiable  pineal  tissue  in  7  of  the 
quail,  the  other  4  containing  small  remnants  of  basal  stalk  tissue.  Overall,  no  significant 
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differences  were  apparent  in  the  free-running  locomotor  rhythms  of  the  pinealectom- 
ized  quail  when  compared  with  the  Controls.  Figure  1  shows  a  typical  result:  the  activ- 
ity  rhythm  persisted  in  DD  following  pinealectomy  (P)  and  there  appears  to  have  been 
little  change  in  the  free-running  period  (x),  the  amount  of  activity  or  the  activity;rest 
time.  A  subjective  analysis  of  all  11  birds  suggested  that  x  was  shortened  by  10  —  20  min 
in  3,  lengthened  in  3  and  unchanged  in  the  remainder.  However,  in  the  Controls  x  was 
lengthened  in  3,  shortened  in  1  and  did  not  change  in  the  other  4.  At  the  moment, 
therefore,  it  is  not  easy  to  implicate  the  Quail’s  pineal  in  its  circadian  locomotor  Sys¬ 
tem.  A  group  of  six  more  Quail  which  hopefully  are  pinealectomized  have  been  run- 
ning  in  various  photoperiodic  cycles  for  the  past  five  months:  so  far  none  have  shown 
any  marked  differences  from  their  intact  Controls. 


p 


Figure  1.  The  effect  of  pinealectomy  upon  the  free-running  circadian  locomotor  rhythm  in  a  Jap¬ 
anese  Quail  held  in  darkness.  The  time  of  pinealectomy  is  marked  with  “P”.  For  further  details  see 

text. 

Melatonin  treatment 

The  elegant  experiments  of  Menaker  &  Zimmerman  (1976)  suggest  the  pineal  influ- 
ences  the  Sparrow’s  circadian  System  via  a  humoral  pathway  and  there  is  supporting 
evidence  from  Turek  et  al.  (1976)  that  melatonin  might  be  one  of  the  agents  involved. 
They  showed  that  melatonin  (given  as  an  i.p.  silastic  implant)  caused  either  a  marked 
change  in  x  or  a  state  of  continuous  activity.  In  Quail,  we  have  implanted  melatonin 
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capsules  s.c.  in  birds  which  have  been  free-runnmg  in  DD  for  at  least  two  weeks  (2  mm 
implant  n  =  7;  20  mm  n  =  4;  40  mm  n  =  4).  The  capsules  were  left  in  place  for  a 
ormight  and  then  removed.  In  every  case  the  overall  level  of  activity  was  reduced 
while  the  implant  was  in  position  (Figure  2).  Ten  of  the  birds  continued  to  free-run, 
owever,  some  with  small  changes  in  t  which  cannot  be  considered  significant  since 
they  also  occurred  in  some  of  eight  control  birds  bearing  empty  capsules.  Five  of  the 
melatonin-treated  birds  showed  continuous  activity  at  a  low  level  with  the  normal  cir- 
cadian  pattem  being  restored  once  the  capsules  were  removed. 


Figure  2.  The  effect  of  implanting  a  20  mm  capsule  of  melatonin  (at  point  M  20),  and  its  subse- 
quent  removal  (at  time  R)  on  the  free-running  circadian  locomotor  rhythm  in  a  Japanese  Quail. 


In  another  experiment  six  birds  were  entrained  to  1  L  :  23  D  that  caused  a  phase  lead 
of  activity  onset  of  4  —  6  h.  Over  the  next  three  months  each  bird  received  both  empty 
and  melatonin-filled  implants  (20  mm)  for  periods  of  between  two  and  four  weeks. 
There  was  individual  Variation  in  the  magnitude  of  the  melatonin  effects  but  in  all  birds 
a  reduction  in  activity  was  seen.  In  some  melatonin  largely  abolished  the  activity  before 
lights  on  and  reduced  it  once  the  lights  had  gone  off.  In  others  it  only  diminished  the 
phase  leading  activity  but  it  has  not  yet  been  possible  to  be  sure  whether  the  amount  of 
phase  lead  has  been  altered. 

To  a  degree,  therefore,  the  results  in  Quail  with  melatonin  are  consistent  with  those 
from  the  pinealectomy  experiments  —  no  obvious  effects  upon  the  circadian  System  with 
the  possibihty  existing  that  any  changes  may  reflect  the  pharmacological  actions  of 
melatonin  in  inducing  a  soporific  state.  Further  experiments  are  obviously  needed  but 
the  results  so  far  do  raise  the  possibihty  that  the  Quail’s  pineal  may  not  be  as  essential 
to  its  underlying  circadian  System  as  appears  to  be  the  case  in  the  FJouse  Sparrow. 
Already,  Gwinner  (1978)  has  slightly  modified  Menaker’s  Sparrow  model  in  view  of 
the  results  which  he  has  obtained  with  pinealectomized  Starlings. 
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Anterior  hypothalamic  lesions 

So  far  it  has  proved  possible  to  induce  arrhythmia  in  four  Quail  with  lesions  in  the 
anterior  Hypothalamus.  Autocorrelation  analyses  showed  a  circadian  periodicity  in 
activity  patterns  before  lesioning  and  its  obliteration  thereafter.  We  are  strongly  of  the 
opinion  that  so  few  birds  do  not  yet  allow  us  to  make  any  firm  Statement  regarding  a 
role  for  the  anterior  Hypothalamus  in  the  Quail’s  circadian  System,  but  they  are  sugges¬ 
tive  and  deserve  being  followed  up. 
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Introduction 

Pinealectomy  or  silastic  implantation  of  melaionin,  one  of  the  pineal  products,  abol- 
ishes  circadian  rhythms  of  locomotor  activity  in  House  Sparrows,  Passer  domesticus, 
held  under  constant  darkness  (Gaston  &  Menaker,  1968;  Turek  et  ah,  1976).  Pineal¬ 
ectomy  significantly  alters  patterns  of  circadian  motor  activity  in  European  Starlings, 
Sturnus  vulgaris  (Gwinner,  1978).  Experiments  involving  resonance,  skeleton,  T-cycle 
and  other  experimental  photoperiods  in  several  photoperiodic  species  of  birds  (Farner, 
1975)  have  demonstrated  that  photosensitivity  of  the  System  controllmg  gonadal 
growth  oscillates  in  a  circadian  manner  and  that  the  circadian  rhythm  of  photosensitiv¬ 
ity  may  be  used  by  birds  for  photoperiodic  time  measurement.  Some  of  these  experi- 
ments  suggest  that  circadian  rhythms  of  motor  activity  and  photosensitivity  are  phase- 
locked  or  tightly  coupled  (see,  for  example,  in  Elouse  Sparrows,  Menaker,  1965; 
Menaker  &  Eskin,  1967 ;  Farner  et  ah,  1977).  Therefore,  various  phases  of  the  photo¬ 
sensitivity  rhythm  during  its  circadian  cycle  can  be  inferred  from  the  pattem  of  motor 
activity  and  the  photoinducible  phase  occurs  during  the  lauer  portion  of  a  cycle. 

The  effect  of  pinealectomy  on  the  ontogeny  or  photoperiodically  accelerated  growth 
of  reproductive  Organs  of  domesticated  birds  is  equivocal  (Menaker  &  Oksche,  1974). 
Pinealectomy  has  no  effect  on  photoperiodically  induced  growth  or  maintenance  of 
gonads  in  photoperiodic  species  under  normal  photoperiods  or  constant  light 
(Menaker  &  Oksche,  1974;  in  House  Sparrows,  Menaker  et  ah,  1970;  Takahashi  et 
ah,  1978;  in  Starlings,  Gwinner,  1977).  Although  these  results  suggest  that  the  role  of 
the  pineal,  if  any,  in  photoperiodic  gonadal  growth  in  photoperiodic  species  is  not  an 
endocrine  one  (i.e.,  direct  effects  of  its  products  on  the  hypothalamo-pituitary-gonad- 
axis),  they  do  not  exclude  the  possibility  that  the  pineal  plays  a  role  in  photoperiodic 
responses  via  its  control  of  the  circadian  rhythm  of  photosensitivity.  The  results  of 
experiments  with  normal  photoperiods  do  not  rule  out  this  possibility,  since  pinealec- 
tomized  birds  remain  entrainable  to  light-dark  cycles.  A  critical  test  may  require  photo¬ 
periodic  conditions  that  elicit  the  fairly  subtle  changes  in  the  pattem  of  entrainment 
that  are  known  to  be  produced  by  pinealectomy  (Gaston,  1971;  Takahashi  et  ah, 
1978).  In  Order  to  test  the  hypothesis  that  the  pineal  has  a  role  in  photoperiodic  time 
measurement  I  have  conducted  T-cycle  experiments  in  pinealectomized  House  Spar¬ 
rows  and  Starlings.  T-cycles  have  been  successfully  employed  by  Farner  et  ah  (1977) 
to  explain  the  ultra-short-day  response  (gonadal  growth  to  daily  photoperiod  shorter 
than  3  hours)  in  House  Sparrows  and  by  Elliott  (1976)  in  Hamster  photoperiodic  tes- 
ticular  growth  in  accordance  with  the  Bünning  hypothesis.  An  ultra-short-day 
response  has  also  been  reported  in  Starlings  (Schwab,  1971).  The  light-dark  cycle  of 
26-h  duration  with  a  3-h  light  pulse  was  used  in  the  present  studies. 
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Materials  and  methods 

House  Sparrow  experiment 

Adult  male  House  Sparrows,  Passer  domesticus,  captured  on  the  grounds  of  the  Max 
Planck  Institute  in  Erling  in  the  spring  of  1977  were  held  in  outdoor  aviaries  until  5 
July,  when  they  were  transferred  to  an  air-conditioned  room  (20  ±  2  °C)  with  8  h  of 
light  per  day  (8L  :  16D).  The  birds  were  housed  individually  in  activity-recording  cages 
and  perch  hopping  was  recorded  on  an  Esterline-Angus  event  recorder.  The  birds  were 
not  acoustically  or  visually  isolated  from  each  other  and  the  room  was  not  equipped 
with  a  random  noise  generator.  The  average  light  intensity  in  cages  was  200  lux.  Food 
and  water  was  available  ad  lib.  After  one  month  of  8L  :  16D  the  photoperiod  was 
changed  to  constant  dark  (DD).  Two  weeks  thereafter  pinealectomy  or  sham  Opera¬ 
tion  was  performed  in  a  manner  similar  to  that  described  by  Gaston  &  Menaker 
(1968)  under  Nembutal  anesthesia.  Pinealectomy  was  judged  as  complete  when  the 
third  ventricular  choroid  plexus  was  observed  in  the  removed  tissue  under  the  dissect- 
ing  microscope.  The  3L  :  23D  regime  was  initiated  one  month  after  the  surgery.  Occa- 
sional  laparotomies  were  performed  to  estimate  testicular  growth  by  measuring  the 
width  of  the  left  testis.  After  the  end  of  3L  :  23D  cycles  the  birds  were  exposed  to  12 
days  of  constant  light  (EL)  to  ascertain  if  all  birds  were  capable  of  growing  testes.  At 
the  end  of  the  experiment  the  birds  were  killed  and  left  testes  were  weighed. 

Starling  experiment 

Male  Starlings,  Sturnus  vulgaris,  caught  near  Mannheim,  Germany,  in  the  autumn  of 
1977  were  held  in  outdoor  aviaries  until  5  December,  when  they  were  transferred  to 
activity-recording  cages  in  an  air-conditioned  room  (20  ±  2,  8L  :  16D).  The  average 
light  intensity  in  the  cages  was  600  lux.  Perch  hopping  was  recorded  on  magnetic  tapes 
and  printed  out  in  a  graphical  form  similar  to  that  provided  by  the  event  recorder. 
Pinealectomy  was  performed  as  in  the  Sparrows  while  the  Starlings  were  held  under 
8L  :  16D.  On  22  December  the  3L  :  23D  regime  was  initiated.  On  the  same  day  a 
group  of  6  birds  were  killed  as  initial  Controls.  Another  group  of  6  birds  were  kept  in  a 
group  cage  in  a  light-tight  box  under  8L  :  16D  as  intact  short-day  Controls.  Occasional 
laparotomies  were  performed  to  estimate  testicular  growth  by  measuring  the  width  of 
the  left  testis.  The  experiment  was  terminated  after  54  cycles. 

In  both  experiments  the  phase  angle  difference  in  hours  between  the  onset  of  activity 
and  the  onset  of  the  light  pulse  was  determined  from  the  graphical  records.  The  mean 
phase  angle  difference  for  the  individual  bird  is  a  mean  for  the  entire  period  beyond 
cycle  10.  Statistical  analyses  were  made  with  the  Mann-Whitney  U-test  and  Student’s 
t-test. 


Results 


House  Sparrow  experiment 

Sham  pinealectomy  had  no  appreciable  effect  on  free-running  activity.  Pinealectomy 
induced  large  increases  in  activity  time  in  all  birds.  Two  out  of  eight  pinealectomized 
(pinx)  Sparrows  became  constantly  active  and  another  two  nearly  so.  However,  in  all 
cases  more  or  less  discernible  circadian  periodicities  remained  and  were  invariably 
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shorter  than  preoperative  periods  and  shorter  than  24  hours.  The  behavior  of  the  pinx 
Sparrows  in  this  experiment  were  similar  to  those  of  pinx  Starlings  (Gwinner,  1978) 
and  were  different  from  those  of  pinx  Sparrows  in  Menaker’s  laboratory  (Gaston  & 
Menaker,  1968;  Zimmerman  &  Menaker,  1975).  This  difference  may  be  due  to  differ- 
ences  in  acoustical  conditions  used  in  respective  experiments. 

The  effect  of  pinealectomy  on  testis  growth  under  the  3L  :  23D  regime  was  mark- 
edly  inhibitory  (Fig.  1).  The  testes  of  the  sham  group  grew  and  the  mean  width  of  left 


Figure  1.  Effect  of  pinealectomy  on  photoperi- 
odic  testicular  growth  in  House  Sparrows 
exposed  to  the  3L  ;  23D  regime.  Testis  growth 
of  pinealectomized  (pinx)  and  sham-operated 
(sham)  Sparrows  is  expressed  in  width  of  left 
testis  (mm).  Sixty  cycles  of  the  3L  :  23D 
regime  were  followed  by  12  days  of  constant 
light  (LL).  Vertical  bars  are  Standard  errors. 
Figures  on  the  right  are  means  ±  SEM  of  left 
testis  weight  (LTWt)  at  the  end  of  the  experi¬ 
ment. 


testes  was  significantly  greater  than  that  of  the  pinx  group  throughout  the  entire 
period.  Estimated  mean  weights  of  left  testes  of  the  sham  and  pinx  groups  after  60 
cycles  were  21  and  4  mg,  respectively.  Düring  the  12  days  of  LL  the  testes  of  both 
groups  grew.  However,  the  mean  left  testis  weight  of  the  sham  group  was  significantly 
greater  than  that  of  the  pinx  group,  undoubtedly  reflectmg  the  difference  in  testis  size 
at  the  beginning  of  the  LL  exposure.  Both  sham  and  pinx  birds  entrained  to  3L  :  23D 
cycles.  The  mean  phase  angle  difference  between  the  onset  of  activity  and  the  onset  of 
the  hght  pulse  for  the  sham  group  was  11.23  h  (ränge  9.11  —  12.64  h)  and  for  the  pinx 

Eigure  2.  Effect  of  pinealectomy 
on  photoperiodic  testicular 
growth  in  European  Starlings 
exposed  to  the  3L  :  23D  regime. 
Testis  growth  of  pinealectom¬ 
ized  (pinx),  sham-operated 
(sham)  and  intact  short-day 
control  (8L  contr.)  Starlings  is 
expressed  as  change  in  the  width 
of  left  testis  (mm)  from  day  0. 
Vertical  bars  are  Standard 
errors.  Figures  on  the  right  are 
means  ±  SEM  of  terminal  com- 
bined  testis  weights  (CTW). 
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group  was  12.54  h  (1  1.45—  14.08  h).  Although  this  difference  of  1  h  20  min  is  in  the 
direction  expected  on  the  basis  of  Gaston’s  report  (1971),  it  is  not  significant. 

Starling  experiment 

There  was  a  significant  increase  in  testis  width  in  both  sham  and  pinx  groups  that 
was  highly  variable  among  individuals  (Fig.  2).  Actual  mean  widths  ±  SEM  (mm)  of 
left  testes  at  the  beginning  and  at  the  end  of  the  experiment  were:  sham,  1.61  ±  0.08, 
2.91  ±  0.57  (N  =  9);  pinx,  1.62  ±  0.07,  2.65  ±  0.21  (12);  8L  control,  1.63  ±  0.14, 
1.88  ±  0.24  (6).  The  sham  and  pinx  Starlings  entrained  to  26-h  cycles  with  mean  phase 
angles  of  13.51h  (ränge  10.33 — 15.89  h)  and  14.53  h  (12.68 — 17.02  h),  respectively, 
the  difference  being  non-significant. 


Discussion 

Growth  of  the  testes  of  the  sham-operated  sparrows  exposed  to  the  3L  :  23D  regime 
confirms  the  results  of  Farner  et  al.  (1977).  The  failure  of  the  pinx  sparrows  to  grow 
testes  is  one  of  the  clearest  demonstrations  so  far  of  the  effect  of  pinealectomy  on  pho- 
toperiodic  testicular  response  in  birds.  This  observation  is  similar  to  that  of  Takahashi 
et  al.  (1978)  in  pinx  House  Sparrows  exposed  to  a  stimulatory  skeleton  photoperiod  of 
13  hours  with  two  one-h  light  pulses.  Since  the  pinx  sparrows  were  able  to  grow  testes 
under  LL,  it  is  unlikely  that  they  were  photorefractory  and  it  also  appears  unlikely  that 
the  observed  effect  of  pinealectomy  under  26-h  cycles  was  of  endocrine  nature  (i.e.,  a 
direct  effect  of  the  deprivation  of  pineal  products  on  the  hypothalamo-pituitary-gonad 
axis).  Despite  the  significant  difference  in  testis  growth  between  the  two  groups  there 
was  only  a  minor  difference  in  phase  angles  under  entrainment  to  26-h  cycles.  The  dif¬ 
ference  in  phase  angles  may  not  he  solely  responsible  for  the  difference  in  testis  growth. 
It  is  possible  that  the  pinealectomy  in  some  unknown  manner  affected  the  mechanism 
of  photoperiodic  time  measurement.  Whether  the  pineal  is  involved  in  the  control  of 
phases  or  coupling  of  oscillators  Controlling  circadian  rhythms  of  motor  activity  and 
photosensitivity  remains  to  be  elucidated. 

It  is  by  no  means  certain  whether  the  effects  of  pinealectomy  on  photoperiodic  testi¬ 
cular  growth  are  the  same  regardless  of  the  time  of  the  year  experiments  are  performed 
or  the  state  of  photosensitivity  of  birds.  Takahashi  et  al.  (1978)  obtained  a  significantly 
inhibitory  effect  of  pinealectomy  on  testis  growth  of  House  Sparrows  exposed  to  the 
skeleton  photoperiod  only  in  an  experiment  initiated  in  late  January  but  not  in  experi¬ 
ments  initiated  in  late  December  or  early  March.  Turek  (in  this  volume)  reported  that 
pinx  Sparrows  exposed  to  3L  :  21D  cycles  in  late  winter  tended  to  grow  testes  faster 
than  the  sham  birds  and  tended  to  show  greater  phase  advance.  It,  therefore,  appears 
possible  that  the  effect  of  pinealectomy  on  testis  growth  under  certain  prescribed  pho- 
toperiods  may  depend  on  such  factors  as  the  time  of  the  year,  photosensitivity  or  other 
history  dependent  aspects  of  the  bird’s  physiology. 

The  results  of  the  Starling  experiment  indicate  that  the  pattem  of  motor  activity 
under  entrainment  to  26-h  cycles  are  in  agreement  with  the  predictions  based  on 
Eskin’s  model  of  entrainment  (Eskin,  1971).  Twenty-six-hour  cycles  with  3  h  light 
pulses  stimulate  testis  growth  in  both  sham  and  pinx  Starlings  despite  much  shorter 
duration  of  light  available  than  the  8E  ;  16D  regime  is  not  stimulatory.  The  relatively 
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slow  testis  growth  of  the  26-h  groups  contrasis  with  the  results  of  Schwab  (1971)  that 
the  testes  of  starlings  that  were  transferred  to  3L  :  21D  (T  =  24  h)  after  spontaneous 
regression  in  summer  grew  from  minimum  (less  than  2  mm  in  width)  to  the  spermato- 
genic  Stage  (5.5  mm  in  width)  in  one  month.  However,  he  did  not  record  motor  activ- 
ity,  and,  consequently,  it  is  not  clear  whether  the  ultra-short-day  response  in  Starlings 
may  be  caused  by  the  same  mechanism  as  in  Sparrows.  The  results  of  resonance  experi- 
ments  in  Starlings  (Gwinner  &  Eriksson,  1977)  suggest  that  a  circadian  rhythm  of 
photosensitivity  is  involved  in  photoperiodically  induced  gonadal  growth  in  this  species. 
However,  there  is  no  Information  on  the  form  of  the  circadian  rhythm  of  photosensi¬ 
tivity  in  Starlings.  Since  even  within  a  single  species  the  effects  of  pinealectomy  on  tes¬ 
tis  growth  can  vary  depending  on  several  factprs,  and  since  there  may  be  considerable 
differences  between  species  in  the  mechanism  of  photoperiodic  time  measurement,  it  is 
hardly  surprising  that  the  results  of  the  Starling  experiment  are  not  comparable  to 
those  of  the  Sparrow  experiment.  It  remains  to  be  seen  whether  the  pineal  is  involved  in 
photoperiodic  time  measurement  at  all  in  the  Starling  and  under  what  conditions  and 
how  the  pineal  affects  photoperiodic  time  measurement  in  the  House  Sparrow. 

Acknowledgement 

I  thank  Dr.  E.  Gwinner  for  his  assistance  during  the  course  of  these  studies  and  Mrs.  R.  Klein  for 
her  care  of  the  animals  and  pasting  of  the  activity  records.  I  also  thank  Prof.  M.  Menaker  for  his 
suggestions  for  improving  the  manuscript.  The  investigations  reported  here  were  carried  out  while 
the  author  held  a  fellowship  from  the  Max  Planck  Society. 

References 

Elliott,  J.  A.  (1976):  Federation  Proc.  35,  2339  —  2346. 

Eskin,  A.  (1971):  p.  55  —  80  In  M.  Menaker  (Ed.).  Biochronometry.  Washington,  D.C.  National 
Academy  of  Sciences. 

Farner,  D.  S.  (1975):  Amer.  Zool.  15  (Suppl.  1),  117—135. 

Farner,  D.  S.,  R.  S.  Donham,  R.  A.  Lewis,  P.  W.  Mattocks  Jr.,  T.  R.  Darden  &  J.  P.  Smith 
(1977):  Physiol.  Zool.  50,  247  —  268. 

Gaston,  S.  (1971):  p.  541  —  549  In  M.  Menaker  (Ed.).  Biochronometry.  Washington,  D.C. 
National  Academy  of  Sciences. 

Gaston,  S.,  &  M.  Menaker  (1968):  Science  160,  1125—1127. 

Gwinner,  E.  (1977):  Proc.  First  Intern.  Symp.  Avian  Endocrin.,  28  —  29. 

Gwinner,  E.  (1978):  J-  Comp.  Physiol.  126,  123—129. 

Gwinner,  E.,  &  L.-O.  Eriksson  (1977):  J.  Orn.  118,  60—67. 

Menaker,  M.  (1965):  In].  Aschoff  (Ed.).  Circadian  Clocks.  Amsterdam.  North  Holland  Puhl. 
Menaker,  M.,  &  A.  Eskin  (1967):  Science  157,  1182—1  185. 

Menaker,  M.,  &  A.  Oksche  (1974):  p.  79—  1 18  /n  D.  S.  Farner  &  J.  R.  King  (Eds.).  Avian  Biol- 
ogy.  Vol.  4.  New  York  &  London.  Academic  Press. 

Menaker,  M.,  R.  Roberts,  J.  Elliott  &  H.  Underwood  (1970):  Proc.  Nat.  Acad.  Sei.  U.S.  67, 
320  —  325. 

Schwab,  R.  G.  (1971):  p.  428  —  447  In  M.  Menaker  (Ed.).  Biochronometry.  Washington,  D.C. 
National  Academy  of  Sciences. 

Takahashi,  J.,  C.  Norris  &  M.  Menaker  (1978):  Proc.  VIII  Intern.  Symp.  Comp.  Endocr.  (in 
press). 

Turek,  F.,  J.  P.  McMillan  &  M.  Menaker  (1976):  Science  194,  1441  —  1443. 

ZiMMERMAN,  N.  H.,  &  M.  Menaker  (1975):  Science  190,  477  —  479. 


41- 


€ 


ftil 


Hi 


l-j 


•* 


I 


I 

t 


I 

I 

% 


- 


41  “*• 

4  ^  Va|,»4.  *• 


SYMPOSIUM  ON 

CONTROL  OF  ANNUAL  RHYTHMS 


6.  VI.  1978 


CONVENERS:  PETER  BERTHOLD  AND  FRED  TUREK 


446 


Jallageas,  M.  &  I.  Assenmacher:  Annual  Endocrine  Cycles  in  Male  Teal  (Anas  crecca)  and 


Peking  Ducks  (Anas  platyrhynchos) .  447 

Haase,  E.:  The  Control  of  the  Annual  Gonadal  Cycle  of  Wild  Mailand  Drakes;  Some 

Endocrinological  Aspects  .  453 

Meier,  A.  H.,  B.  R.  Ferrell  &  L.  J.  Miller:  Circadian  Components  of  the  Circannual 

Mechanism  in  the  White-throated  Sparrow  .  458 

WiNGFiELD,  J.  C.  &  D.  S.  Farner;  Temporal  Aspects  of  the  Secretion  of  Luteinizing  Hor¬ 
mone  and  Androgen  in  the  White-crowned  Sparrow,  Zonotrichia  leucophrys .  463 

Sharp,  P.  J.:  The  Role  of  the  Testes  in  the  Initiation  and  Maintenance  of  Photorefractori- 

ness .  468 

Berthold,  P.:  Die  endogene  Steuerung  der  Jahresperiodik:  Eine  kurze  Übersicht .  473 

Turek,  F.  W.  :  The  Role  of  the  Pineal  Gland  in  the  Regulation  of  Annual  Reproductive 

Cycles  in  Birds  and  Mammals:  A  Comparative  Approach .  479 


Annual  Endocrine  Cycles  in  Male  Teal  (Anas  crecca) 
and  Peking  Ducks  (Anas  platyrhynchos) 

Monique  Jallageas  and  Ivan  Assenmacher 


447 


Introduction 

Since  Benoit  s  (1934)  first  description  of  the  light-responsiveness  of  sexual  function 
in  domestic  drakes,  an  impressive  series  of  Basic  concepts  in  avian  endocrinology,  and 
more  especially  in  the  neuroendocrme  control  of  reproductive  cycles  have  evolved 
fiom  expeiimental  studies  with  domestic  ducks.  Of  particular  significance  were  the  dis- 
covery  of  the  central  role  of  the  anterior  pituitary  (Benoit  1935),  of  the  hypophysial 
portal  vessels  and  of  the  hypothalamus  (Assenmacher  &  Benoit,  1953;  Assenmacher, 
1958),  as  well  as  the  demonstration  of  the  neuroendocrine  role  of  the  so-called  extra¬ 
retinal  (diencephalic)  photoreceptors  (Benoit,  1938),  that  may  bypass  the  otherwise 
direct  retino-hypothalamic  nervous  route  (Bons  &  Assenmacher,  1973);  all  findings 
related  to  the  photogonadal  response  in  ducks  which  led  ultimately  to  far  ranging 
generalizations. 

More  recently  the  experimental  evidence  from  drakes,  of  marked  hormonal  interac- 
tions  between  testis,  thyroid  and  adrenal  has  prompted  to  the  assumption  of  closely 
interlinked  endocrine  cycles  related  to  the  reproductive  cycle  (Jallageas  et  ah,  1974, 
1978  b);  Assenmacher  et  ah,  1975,  1977). 

In  an  attempt  to  explore  whether  the  hormonal  relationships  that  seem  to  prevail  in 
domestic  ducks  may  he  extended  to  wild  species  of  Anatidae  a  comparative  study  was 
initiated  on  two  large  flocks  (around  100  specimens  each)  respectively,  of  male  Peking 
ducks  and  of  teal  that  were  captured  in  the  Camargue  sanctuary  in  late  fall.  The  two 
groups  of  birds  were  kept  in  outdoor  parks,  located  on  the  University  Campus  of 
Montpellier  (ducks)  and  in  dose  vicinity  to  the  seashore  (teal)  (Latitude  43°50’N) 
(further  details  in  Jallageas  et  ah,  1978). 

Annual  endocrine  cycles  in  male  ducks 

Reproductive  cycle 

In  this  experiment  (Fig.  1)  the  annual  variations  in  the  plasma  concentrations  of  LH 
and  testosterone  (Radioimmunoassays)  occurred  in  dose  parallelism.  Both  hormones 
Started  to  increase  with  increasing  daylength,  and  reached  maximal  levels  (4.3  ±o. 4 
ng/ml  for  LH  and  57.4  ±5.9  ng/10  ml  for  testosterone)  during  the  reproductive  season 
that  extended  from  March  through  May.  Enlargement  of  the  testis  was  delayed  by  one 
month,  but  culminated  also  in  April-May  (120  ±9.0  g).  The  post-nuptial  phase  of  the 
sexual  cycle  exhibited  a  peculiar  pattem.  Mating  ceased  almost  suddenly  in  early  June, 
when  the  LH  and  testosterone  titers  decreased  toward  minimal  levels,  that  were  al- 
ready  attained  in  July,  but  were  followed  in  August  by  a  transient  rebound  of  both  hor¬ 
mones:  two  fold  LH  and  four  fold  testosterone  respectively.  Basal  hormonal  levels 
were  finally  attained  in  October  (1.67  ±0.34  ng/ml  for  LH,  and  6.6  ±  1.8  ng/10  ml  for 
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testosterone).  Along  this  time  testis  size  displayed  only  a  very  transitory  and  reduced 
(50  %)  regression  in  late  June,  and  decreased  then  steadily  from  July  to  a  minimum  in 
November  (2.2  ±0.3  g). 

PEKING  DUCK  TEAL 


Figure  1.  Annual  endocrine  cycles  in  Peking  ducks  and  teal.  Standard  errors  below  2  g  (ducks)  or 
10  mg  (teal)  for  testis  weights,  and  below  0.1  ng  for  testosterone  were  not  indicated  on  the 

graphs. 

The  polyphasic  profile  of  the  testosterone  cycle  appears  as  a  very  constant  feature  in 
domestic  ducks  whether  Peking  (Garnier,  1971 ;  Jallageas  et  ah,  1974)  or  Rouen  (Bal- 
THAZART  &  Hendrick,  1976).  Although  the  metabolic  clearance  rate  (MCR)  of  the 
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androgen  has  been  shown  to  be  augmented  by  about  70  %  in  June,  the  estimated  secre- 
tion  rate  (SR)  of  the  Hormone  nevertheless  decreased  significantly  through  the  summer 
trough  (June-July)  in  plasma  testosterone  (Assenmacher  et  ah,  1975).  On  the  other 
hand  the  LH  concentrations,  which  paralleled  closely  in  this  experiment  the  testoste¬ 
rone  titers,  may  stay  at  least  in  some  specimens  at  elevated  levels  through  June  and  July 
(Jallageas  et  ah,  1974;  Haase  et  ah,  1975  a).  Regarding  testis  weight,  the  critical 
period  in  June-July  never  was  associated  with  a  marked  regression  involving  a  blockade 
of  spermatogenesis. 


Thyroid  cycle  and  molt 

Whether  appraised  by  the  plasma  concentrations  in  thyroxin  (Fig.  1),  or  by  function- 
al  estimations  using  labelled  iodine  (Astier  et  ah,  1970)  the  thyroid  function  of  the 
Peking  duck  displayed  an  annual  cycle  with  a  two-fold  (Fig.  1)  to  three-fold  (Assenma¬ 
cher  et  ah,  1975)  increase  of  plasma  thyroxine  titers  in  June.  It  should  be  stressed  that 
the  annual  peak  in  thyroxine  levels  was  always  found  to  coincide  with  the  post-nuptial 
molt,  that  extended  m  this  experiment  from  mid  June  to  mid  July.  Previous  studies  have 
shown  that  experimentally  induced  (ectopic  pituitary  transplantation)  molts  could  be 
prevented  either  by  testosterone  replacement  therapy  (Assenmacher  &  Bayle,  1968)  or 
by  pharmacological  blockade  of  thyroxine  synthesis  (Bayle,  1972);  it  is  assumed  that 
the  annual  post-nuptial  molt  actually  resulted  from  the  seasonal  imbalance  of  the  thy¬ 
roxine/  testosterone  ratio,  that  underwent  a  steep  increase  in  June-July. 

Testis-thyroid  interactions 

From  a  series  of  experiments  on  the  effects  of  varying  testosterone  titers  on  the  thy¬ 
roid  function  (Jallageas  &  Assenmacher,  1972)  and  of  varying  thyroxine  levels  on  the 
male  sexual  function  (Jallageas  &  Assenmacher,  1974;  Jallageas  et  ah,  1974)  it  was 
concluded  that  increased  concentrations  of  either  Hormone  depressed  the'  opposite 
endocrine  function.  It  was  shown  in  particular  that  administration  of  physiological 
doses  of  thyroxin  in  sexually  active  ducks  (April)  could  be  compatible  with  maintained 
high  LH  levels,  but  always  induced  a  decrease  in  plasma  testosterone  (Jallageas  et  ah, 
1974),  together  with  a  complete  regression  of  the  cell  organelles  in  the  endocrine  testis 
(Jallageas  et  ah,  1978  a),  thus  leading  to  a  state  which  is  reminiscent  of  the  natural  Sit¬ 
uation  in  June.  This  strong  evidence  of  a  reciprocal  inhibitory  interaction  between  the 
endocrine  testis  and  thyroid  raised  therefore  the  question  of  a  possible  interference  be¬ 
tween  both  endocrine  functions  during  the  critical  postnuptial  phase  of  the  annual 
cycle  (June  through  September)  when  the  testosterone  and  thyroxine  cycles  are  pro- 
gressing  in  phase  Opposition. 

This  assumption  was  further  strengthened  by  the  effect  of  either  thyroidectomy  or 
castration  on  the  annual  endocrine  cycles  Qallageas  et  ah,  1978  b;  Assenmacher  & 
Jallageas,  1978). 

Thyroidectomy  (March)  led  to  a  two  to  three-fold  increase  vs  intact  Controls  in  LH 
from  June  to  September,  followed  by  a  downfall  in  October.  The  biphasic  pattem  of 
the  cycle  had  disappeared.  Concomitantly  the  testosterone  levels  were  also  augmented 
by  about  three  times,  although  a  slight  depression  was  still  apparent  in  June.  The  tran¬ 
sient  decrease  of  plasma  LH  and  testosterone  in  June,  which  leads  to  the  peculiar 
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bimodal  profile  of  both  hormones  during  the  postnuptial  phase  of  intact  ducks  appears 
therefore  principally  due  to  the  annual  peak  in  thyroxine  secretion.  In  contrast,  the  au- 
tumnal  depression  of  the  gonadotropic  System  appears  unrelated  to  thyroid-testis  inter- 
actions,  and  could  rather  result  from  the  decreasing  daylength. 

Gonadectomy  (November)  on  the  other  hand  altered  the  thyroid  cycle  by  raising 
plasma  thyroxine  from  January  through  August  to  the  annual  peak  levels,  thus  indicat- 
ing  that  in  intact  birds  the  increasing  testosterone  secretion  in  spring  actually  inhibits 
the  thyroid  function  until  late  May.  On  the  other  hand,  the  autumnal  decline  in  plasma 
thyroxin  again  appeared  unrelated  to  testis-thyroid  interactions. 


Annual  endocrine  cycles  in  male  Teal 

Reproductive  cycle 

Although  the  progressive  phase  of  the  sexual  cycle  appeared  in  teal  slightly  delayed 
as  compared  with  the  neighbouring  flock  of  Peking  ducks  (Fig.  1)  it  also  coincided 
with  increasing  daylength,  thus  confirming  teal  as  long  day  breeders. 

Sexual  behaviour  mcludmg  call  and  nuptial  display  (the  flock  comprised  fourty 
female  birds  that  were  not  otherwise  studied)  increased  progressively  from  February  to 
June,  in  dose  relationship  with  augmenting  testosterone  and  LH  levels,  and  with  testic- 
ular  weights.  Plasma  LH  was  elevated  by  three  times  above  winter  levels  from  April 
through  June,  whereas  the  testosterone  concentrations  appeared  steadily  increasing 
until  June,  when  they  exceded  by  about  30  times  the  titers  measured  in  January. 
Although  testis  enlargement  paralleled  fairly  well  the  raising  hormone  titers,  the  in¬ 
creasing  Standard  errors  (Fig.  1)  of  the  testicular  weights  from  April  to  the  climax  in 
June  (743.3  ±416.6  mg)  attested  that  only  a  few  birds  attained  fully  developed  testes 
weighing  above  2.000  mg  (the  maximum  was  4,174.7  mg).  Subsidarily  it  should  be 
stressed  that  in  the  female  birds  neither  nesting  nor  egg  laying  was  observed.  The  diffi- 
culty  encountered  by  captive  teal  to  reach  maximal  testicular  enlargement  was  also 
reported  by  Chan  (1971)  and  Lofts  (1975)  who  were  unable  to  observe  spermatogene- 
tic  testes  in  teal  kept  captive  over  one  year  in  Hong  Kong  (Lat.  22°  N)  unless  they  were 
provided  artificial  “long  days”  (17L-7D)  from  April  onward.  In  a  recent  study  with 
bioclimatic  chambers  provided  with  artificial  photoperiods  (18L-6D)  in  January,  a 
group  of  10  teal  attained  within  4  weeks  a  maximal  testis  weight  (933.6  ±234.0  mg) 
that  was  very  dose  to  the  June  values  of  their  outdoor  hving  congeners  (Jallageas  et 
ah,  1978  b). 

The  postnuptial  phase  of  the  sexual  cycle  in  teal  revealed  a  conspicuous  analogy  with 
Peking  ducks  regarding  the  hormonal  parameters.  As  a  matter  of  fact  the  plasma  levels 
in  LH  and  testosterone  feil  down  by  July  through  August  to  near  basal  values,  and 
underwent  then  a  transient  rebound  in  September,  before  reaching  the  autumnal  mini- 
mum.  Correlatively,  the  birds  were  lacking  any  sexual  behaviour  from  mid-June 
through  August,  but  they  resumed  in  September  isolated  components  of  song  and  sex¬ 
ual  displays.  A  very  similar  biphasic  cycle  in  plasma  LH  has  also  been  reported  for  wild 
mallard  ducks  studied  in  Kiel  (Lat.  54°N)  by  Haase  et  ah,  (1975  b),  and  may  therefore 
reflect  a  rather  common  pattem  among  Anatidae  whether  domestic  or  wild. 
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However  unlike  in  Peking  ducks,  the  testes  in  teal  underwent  a  complete  regression 
in  early  July  without  any  recrudescence  in  late  summer.  Whether  or  not  this  peculiar 
aspect  of  the  testicular  cycle  in  teal  may  be  ascribed  to  captivity  is  unknown. 

Thyroid  cycle  and  molt 

As  estimated  by  the  plasma  concentrations  in  thyroxine,  the  thyroid  cycle  of  teal 
appeared  more  complex  than  in  Peking  ducks.  In  good  agreement  with  the  Peking 
duck  cycle,  the  plasma  thyroxine  levels  in  teal  exhibited  a  seasonal,  twofold  peak  in 
July-August,  in  dose  correlation  with  the  postnuptial  trough  in  plasma  LH  and  tes- 
tosterone. 

This  could  indeed  result  from  reciprocal  testis-thyroid  interactions  similar  to  those 
that  were  discussed  for  the  same  phase  in  Peking  ducks.  On  the  other  hand  teal  as  well 
as  Peking  ducks  underwent  the  postnuptial  molt  leadmg  to  the  eclipse  plumage  during 
this  particular  phase  of  thyroxine/testosterone  imbalance. 

However  unlike  ducks,  the  teal  displayed  a  second  seasonal  peak  in  plasma  thyroxin 
in  early  winter.  Although  this  renewed  increase  in  thyroid  function  appeared  related 
with  prenuptial  molting,  which  occurred  in  fact  later  in  the  captive  teal  than  in  wild 
specimens  (Tamisier,  1972),  it  could  also  result  at  least  partially  from  the  low  ambient 
temperature,  since  December  and  January  were  the  coldest  months  of  the  year. 

Conclusion 

The  comparison  of  the  sexual  and  thyroid  cycles  in  outdoor-living  Peking  ducks  and 
teal  have  revealed  striking  analogies  together  with  a  few  discrepancies.  (1)  Both  species 
Started  their  annual  sexual  cycle,  as  appraised  by  plasma  LH  and  testosterone  concen¬ 
trations  and  by  testis  weight,  in  dose  correlation  with  increasing  daylength.  The  climax 
of  the  cycle  occurred,  respectively,  in  April-May  (ducks)  or  May-June  (teal).  Comple- 
mentary  studies  in  bioclimatic  chambers  could  demonstrate  the  light  sensitiveness  of  the 
sexual  function  for  both  species.  However,  only  a  restricted  number  of  captive  teal, 
whether  living  outdoors  or  indoors  attained  maximal  testicular  enlargement.  (2)  The 
postnuptial  phase  of  the  sexual  cycle  was  also  characterized  in  both  species  by  a  bipha- 
sic  pattem  of  plasma  LH  and  testosterone,  which  feil  down  in  early  June  (ducks),  or 
July  (teal),  and  rebounded  two  months  later,  before  reaching  finally  basal  levels  in 
autumn.  In  ducks  the  hormonal  downfall  in  June  was  associated  with  a  moderate  and 
transitory  regression  in  testis  size,  which  attained  full  regression  only  later  in  autumn, 
whereas  in  teal  testicular  regression  was  already  achieved  in  July.  (3)  Sexual  behaviour 
in  teal  paralleled  the  testosterone  cycle.  (4)  In  both  species,  plasma  thyroxine  levels 
attained  a  maximum  at  the  very  beginning  of  the  postnuptial  phase.  The  annual  maxi- 
mum  in  thyroid  function,  associated  with  the  steep  depression  in  testosterone  secretion, 
coincided  with  the  postnuptial  molt.  An  additional  increase  in  plasma  thyroxin  appear¬ 
ed  in  teal  in  early  winter  and  was  then  correlated  with  both  the  prenuptial  molt  and 
with  the  lowest  ambient  temperatures  measured  throughout  the  experiment.  (5)  A 
series  of  experimental  observations  in  ducks,  including  studies  of  the  endocrine  cycles 
in  thyroidectomized  or  gonadectomized  birds  have  led  to  the  assumption  of  dose  inter¬ 
actions  between  the  sexual  and  the  thyroid  cycles.  As  a  matter  of  fact  the  vernal  in¬ 
crease  in  testosterone  secretion  appears  to  induce  thyroid  inhibition,  whereas  the  in- 
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creased  thyroxine  secretion  in  June  may  be  responsible  for  the  strong  Inhibition  of 
testosterone  secretion  during  the  early  postnuptial  phase. 
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The  Control  of  the  Annual  Gonadal  Cycle  of  Wild  Mallard  Drakes: 

Some  Endocrinological  Aspects 

Eberhard  Haase 

Introduction 

The  endocrine  events  during  the  annual  reproductive  cycle  of  birds  and  the  physio- 
logical  basis  of  photo-sensitivity  and  photorefractoriness  are  only  partially  known. 
Nevertheless,  there  are  numerous  hypotheses  with  respect  to  these  subjects  which  are 
mostly  based  on  circumstantial  evidence.  Due  to  the  recent  development  of  new  tech- 
niques  for  the  direct  measurement  of  hormones,  one  can  describe  the  reproductive 
cycle  and  the  States  of  photosensitivity  and  photorefractoriness  more  closely.  Using 
experimental  approaches  we  wanted  to  find  out  whether  hormonal  antagonisms  of 
feed-back  mechanisms  contribute  to  the  control  of  the  annual  periodicty  of  reproduc- 
tion. 


The  annual  cycle  of  Mallard  drakes 

Testicular  weight 

Our  drakes  were  kept  in  large  outdoor  aviaries  in  Kiel  (54°  N),  Germany.  The  sea¬ 
sonal  weight  changes  of  their  testes  were  equal  to  those  of  free  living  specimens 
(Paulke,  1975).  During  the  greatest  part  of  the  year  the  testes  were  small  (<  lg).  An 
obvious  weight  increase  was  observed  in  February,  maximal  weights  (20  —  25  g)  were 
found  in  April  and  May.  Testicular  regression  started  by  the  end  of  May  /  early  June 
and  in  a  few  weeks  minimal  weights  were  reached. 

Luteinizing  hormone 

For  the  determination  of  LH  and  the  gonadal  and  thyroidal  hormones  of  intact 
birds,  blood  samples  were  taken  from  9  individually  marked  drakes  at  the  beginning  of 
each  month  over  a  2  years  period. 

The  LH  concentrations  were  high  during  the  reproductive  phase  in  both  years 
(Haase  et  ah,  1975  and  unpubl.).  At  the  time  of  the  testicular  Involution  there  was  a 
steep  decrease  of  the  LH  levels  (Fig.  1).  Thus,  the  onset  of  photorefractoriness  seems  to 
be  characterized  by  decreasing  LH  concentrations  in  the  plasma  of  Mallards  and  other 
species  (Follett  et  ah,  1975;  Nicholls,  1974;  Sharp  et  ah,  1975).  With  respect  to  this 
gonadotropin  the  antigonadal  effect  of  prolactin  (Meier,  1969;  Meier  &  Mac  Gregor 
III,  1972)  contributes  little  to  the  understanding  of  photorefractoriness. 

As  in  the  Herring  Gull  (Scanes  et  ah,  1974)  and  the  Red  Grouse  (Sharp  et  ah,  1975) 
an  autumnal  increase  of  the  plasma  LH  levels  was  found  in  the  Mallard.  It  occurred 
under  rather  short  and  decreasing  photoperiods.  A  circadian  basis  of  the  photoperiodi- 
cally  induced  LH  secretion  as  it  has  been  described  for  the  White-crowned  Sparrow 
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(Follett  et  al.,  1974)  may  nevertheless  hold  for  the  Mallard  if  phase  shifts  are  assumed 
(see  Farner  et  al.,  1977). 

Androgens 

In  both  years  the  seasonal  fluctuations  of  the  plasma  testosterone  levels  were  very 
similar  to  those  of  LFI  and  there  was  a  significant  linear  correlation  between  the 
monthly  means  of  the  2  hormones  (Fig.  1,  2)  (Paulke  &  FIaase,  1978).  A  disassociation 
between  testicular  size,  LH  and  testosterone  at  the  end  of  the  breeding  season  as  it  has 
been  described  for  Peking  drakes  (Jallageas  et  ah,  1974)  did  not  occur  in  our  wild 
Mallards. 

The  autumnal  testosterone  peak  was  probably  caused  by  the  elevated  LH  levels  and 
was  not  accompanied  by  a  testicular  weight  increase.  Its  biological  meaning  seems  to  be 
the  elicitation  of  display  and  sexual  behavior  (Etienne  &  Fischer,  1964)  which  can  be 
frequently  observed  during  this  time  of  the  year  (Raitasuo,  1964). 

The  seasonal  pattem  of  the  DHT  concentrations  was  similar  to  those  of  LH  and  tes¬ 
tosterone  (Fig.  1)  and  the  monthly  means  were  linearly  correlated  (Paulke  &  Haase, 
1978).  The  DHT:  testosterone  ratio  seems  to  be  rather  high  in  birds  (Wingfield  & 
Farner,  1975;  Feder  et  ah,  1977).  Perhaps  plasma  DHT  plays  an  important  role  as 
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Figure  2.  Seasonal  changes  of  plasma  T3,  T4  and  T  levels  in  intact  thyroidectomized  wild  Mal¬ 
lard  drakes. 
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active  feed-back  Inhibitor  in  the  gonadotropic  hypothalamo-hypophyseal  System  of 
birds  (Paulke  &  Haase,  1978). 

Cholesterolesters,  Estradiol,  Progesterone 

In  the  testes  of  many  bird  species  Schultz-positive  lipids  accumulate  during  testicular 
regression  and  are  abundant  during  the  refractory  period  (Lofts,  1970;  Haase,  1973). 
As  posible  precursors  of  Steroid  hormones  they  might  be  important  links  in  the  control 
of  the  gonadal  cycle  (Lofts,  1970).  A  quantitative  blochemical  analysis  of  different 
lipid  fractions  of  Mallard  testes  showed  that  the  concentrations  of  cholesterol  and  espe- 
cially  cholesterolesters  were  high  during  the  refractory  period  (Höffer,  1975)  (Lig.  1). 
It  is,  however,  not  yet  clear  whether  this  resulted  in  significant  changes  of  total 
cholesterolesters  of  the  testes. 

There  were  no  significant  seasonal  changes  in  the  plasma  progesterone  concentra¬ 
tions  of  our  wild  Mallard  drakes  (Lig.  1)  (Paulke,  1975).  Thus,  the  increase  of  the  tes¬ 
ticular  concentrations  of  cholesterol  and  cholesterolesters  at  the  beginning  of  the 
refractory  period  did  not  lead  to  an  elevated  progesterone  secretion  in  Mallards. 

Since  the  peak  in  August  was  not  significantly  different  from  the  values  found  in  July 
and  September  the  concentrations  of  estradiol-17  ß  were  high  mainly  during  periods 
with  elevated  androgen  levels  (Lig.  1,  2)  (Paulke,  1975).  An  increased  estradiol  secre¬ 
tion  during  the  refractory  period  (Lofts,  1970)  is  not  supported  by  these  findings.  The 
higher  estradiol  levels  during  the  reproductive  season  probably  induce  the  post-nuptial 
eclipse  plumage.  This  is  in  agreement  with  the  results  of  castration  experiments  of 
Walton  (1937)  and  Caridroit  (1938). 

Thyroidal  hormones 

In  most  bird  species  reproduction  and  molt  do  not  overlap  and  there  seems  to  be  a 
certain  hormonal  antagonism  between  these  two  events  (Assenmacher,  1958;  Payne, 
1972).  Jallageas  &  Assenmacher  (1974)  discuss  the  increased  plasma  thyroxine  con- 
centration  at  the  onset  of  molt  as  a  possible  cause  for  testicular  regression. 

The  concentrations  of  T3  and  T4  in  the  plasma  of  our  drakes  showed  maximal  val¬ 
ues  at  the  begin  of  the  refractory  period  in  June  (T3)  and  July  (T4)  (Lig.  2)  (Haase  & 
Paulke,  in  prep.).  During  this  time  of  the  year,  the  highest  thyroxine  and  PB'^'  I  levels 
have  also  been  found  in  Peking  drakes  (Assenmacher  et  ah,  1975).  Consequently,  at 
the  end  of  the  reproductive  season  there  is  an  opposite  trend  in  the  concentrations  of 
reproductive  and  thyroidal  hormones.  Thyroidectomy  should  help  to  solve  the  problem 
of  a  possible  mutual  Suppression. 

Experimental  interferences 

Thyroidectomy 

Thyroidectomy  in  birds  has  resulted  in  conflicting  data  with  respect  to  reproductive 
Parameters.  Whereas  Wieselthier  &  van  Tienhoven  (1972)  could  demonstrate  a  stim- 
ulating  effect  on  testicular  size  and  androgen  secretion  in  the  Common  Starling,  Stur¬ 
nus  vulgaris,  Thapliyal  &  Chaturvedi  (1976)  reported  a  decrease  in  testes  weight  in 
the  Indian  Mynah,  Acridotheres  tristis,  another  starling.  In  domestic  drakes  testicular 
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growth  and  spermatogenesls  were  stimulated  by  the  presence  and  inhibited  by  the 
absence  of  thyroidal  hormones  (see  Benoit,  1937). 

Radiochemical  thyroidectomy  of  8  wild  Mallard  drakes  at  the  end  of  the  reproduc- 
tive  season  severely  disturbed  the  post-nuptual  molt.  The  plasma  levels  of  T3  and  T 4 
steeply  decreased  and  did  not  recover  until  the  end  of  the  experiment.  Plasma  testoste- 
rone  concentrations  also  dropped  and  remained  significantly  lower  than  in  intact  birds, 
though  a  slight  autumnal  peak  could  be  observed  (Fig.  2).  beven  drakes  which  died 
during  the  winter  had  small  testes.  In  the  only  surviving  bird  the  plasma  testosterone 
level  did  not  increase  during  the  next  spring  and  there  were  no  signs  of  spermatogene- 
sis.  Therefore,  the  absence  of  spermatogenesis  during  summer,  autumn  and  winter  in 
the  annual  cycle  of  wild  Mallard  drakes  cannot  be  overcome  by  thyroidectomy.  Our 
thyroidectomy  results  do  not  favor  the  idea  of  a  mutual  suppression  of  reproductive 
and  thyroidal  hormones  as  an  important  factor  in  the  control  of  photorefractoriness. 

Castration 

Castration  can  contribute  to  elucidate  the  role  of  the  negative  feed-back  between 
gonads  and  hypothalamo-hypophyseal  System  in  the  control  of  the  reproductive  peri- 
odicity.  In  several  bird  species  (Stetson  &  Erickson,  1971;  Mattocks  et  ah,  1976; 
Wilson  &  Follett,  1974;  Nicholls  &  Storey,  1976;  Haase,  unpubl.)  castration  did 
not  significantly  alter  the  duration  of  the  gonadotropic  activity  of  the  pituitary  and  the 
onset  of  the  refractory  period.  Findings  in  uni-  and  bilaterally  castrated  domestic 
drakes  also  oppose  the  participation  of  the  testes  in  photorefractoriness  and  favor  the 
pituitary  or  the  nervous  System  as  the  site  of  photorefractoriness  (Benoit  et  ah,  1950). 
During  the  course  of  the  reproductive  season  the  hypothalamo-hypophyseal  System  of 
domestic  drakes  becomes  increasingly  sensitive  to  exogenous  testosterone  (Kordon  & 
Gogan,  1970). 

We  have  castrated  3  wild  Mallard  drakes  in  August  and  determined  LH  in  blood 
samples  from  different  seasons  (Fig.  1).  In  the  autumn  the  LH  levels  reached  about  ten 
fold  of  the  normal  values.  They  remained  high  during  winter,  spring  and  summer  and 
seemed  not  to  depend  on  the  natural  fluctuations  of  the  photoperiod.  During  the  sum¬ 
mer  there  were  no  signs  of  a  photorefractoriness  of  the  LH  secreting  System  which 
points  towards  the  participation  of  the  testes  in  the  control  of  the  cycle.  These  prelimi- 
nary  findings  contradict  those  in  passerine  species  (see  above),  and  perhaps  different 
systematic  groups  use  different  physiological  mechanisms  for  the  control  of  their  re¬ 
productive  cycles.  Nevertheless,  a  negative  feed-back  via  Steroid  hormones  cannot  be 
excluded  in  songbirds  unless  the  role  of  the  adrenals  is  known.  Our  results  are  not 
necessarily  at  variance  with  those  of  Benoit  et  al.  (1950)  who  castrated  their  drakes 
shortly  before  testicular  regression.  It  might  be  that  at  this  time  the  negative  feed-back 
had  already  induced  photorefractoriness. 
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Circadian  Components  of  the  Circannual  Mechanism 
in  the  White-throated  Sparrow 

Albert  H.  Meier,  Blaine  R.  Ferrell  and  Larry  J.  Miller 

Introduction 

The  White-throated  Sparrow,  Zonotrichia  albicollis,  is  a  passerine  migrant  of  eastern 
North  America.  Because  its  life  history  and  annual  cycle  are  well  known  (Eyster,  1954; 
Weise,  1956;  Wolfson,  1958;  Shank,  1959;  Meier  et  ah,  1969),  this  bird  is  ideal  for 
investigations  of  physiological  mechanisms.  As  in  many  other  avian  species  of  the  tem- 
perate  zone,  the  annual  cycle  is  influenced  by  daylength.  Increasing  daylengths  in 
spring  initiate  development  of  the  reproductive  System  and  vernal  migration.  However, 
after  the  young  are  raised,  the  adults  become  photorefractory  and  the  reproductive  Sys¬ 
tem  regresses  in  the  summer  when  daylengths  are  still  long. 

Although  daylength  is  an  important  synchronizer  of  the  annual  cycle,  it  is  now  clear 
that  the  principal  timing  mechanism  in  many  birds  (reviews,  Gwinner,  1973,  1975, 
1977;  Berthold,  1974),  including  the  White-throated  Sparrow  (Meier  &  Fivizzani, 
1975),  is  an  endogenous  circannual  mechanism.  In  birds  kept  indoors  on  constant  day¬ 
lengths,  molt,  gonadal  recrudescense  and  regression,  fattening,  and  migratory  restless- 
ness  occur  in  a  sequence  which  approximates  that  found  under  natural  conditions. 
White-throated  Sparrows  maintained  on  16  hour  daily  photoperiods  beginning  during 
the  winter  change  progressively  during  the  ensueing  10  months  from  winter  to  spring 
(gonadal  recrudescense,  increased  body  weight  and  fat  Stores,  nocturnal  migratory 
restlessness),  summer  (gonadal  regression,  decreased  body  weight  and  fat  Stores, 
absence  of  nocturnal  activity,  and  molt)  and  autumn  (increased  body  weight  and  fat 
Stores  and  nocturnal  migratory  restlessness)  conditions. 

Photostimulation  of  reproductive  indices  in  photosensitive  birds  has  been  shown  to 
involve  circadian  rhythms  (Hamner,  1963,  1964;  Farner,  1964,  1965;  Wolfson,  1965). 
It  is  thought  that  a  circadian  rhythm  of  photosensitivity  is  entrained  by  the  daily  photo- 
period.  If  light  coincides  with  a  photosensitive  phase  it  induces  gonadotropin  produc- 
tion,  perhaps  by  coupling  a  second  circadian  oscillation  that  interacts  with  the  photo¬ 
sensitivity  rhythm  (review,  Meier  &  Ferrell,  1978). 

Hormonal  components  of  the  circannual  clock 

Evidences  of  circadian  components  of  the  neuroendocrine  System  that  might  regu- 
late  a  circannual  cycle  were  first  observed  in  the  White-throated  Sparrow.  Prolactin 
injections  during  the  afternoon  (LD  16:8)  in  both  refractory  and  photosensitive  spar¬ 
rows  stimulated  fattening  and  nocturnal  restlessness  characteristic  of  the  migratory 
period  whereas  injections  given  early  in  the  day  were  ineffective  or  inhibitory  (Meier 
&  Davis,  1967;  Meier,  1969).  It  was  further  demonstrated  that  pituitary  prolactin  is 
released  during  the  afternoon  in  sparrows  tested  during  the  vernal  migratory  period 
and  near  dawn  in  photorefractory  birds  in  summer  (Meier  et  al.,  1969).  Because  day- 
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length  is  equivalent  at  the  two  seasons  tested,  the  prolactin  phase  shift  may  be  an 
expression  of  a  circannual  mechanism. 

Photoperiodic  entrainment  of  the  circadian  rhythms  of  metabolic  and  behavioral 
responses  to  prolactin  apparently  is  mediated  by  a  neuroendocrine  mechanism  that 
mcludes  a  circadian  rhythm  of  corticosteroid  activity.  Corticosterone  injections 
induced  daily  rhythms  of  responses  to  prolactin  in  White-throated  Sparrows  main- 
tained  in  LL  to  remove  photoperiodic  cues.  Daily  injections  of  prolactin  given  12  hours 
after  corticosterone  injections  induced  many  cohditions  associated  with  the  vernal  mig- 
ratory  period,  mcluding  gonadal  growth,  fattening,  nocturnal  migratory  activity,  and 
northward  Orientation  in  birds  tested  under  the  open  night  sky.  Similarly  prolactin 
injections  at  8  hours  after  corticosterone  injections  (8-hour  relation)  ehcited  Summer 
conditions  (gonadal  Inhibition,  loss  of  body  fat,  and  Suppression  of  nocturnal  activity) 
and  a  4-hour  relation  promoted  autumnal  conditions  (fattening  and  nocturnal  migra¬ 
tory  activity  oriented  southward)  (Meier  &  Martin,  1971,  Meier  et  ah,  1971,  Martin 
&  Meier,  1974;  Meier,  1976). 

Assays  of  plasma  corticosterone  in  White-throated  Sparrows  further  support  corti¬ 
costerone  involvement  in  setting  circadian  rhythms  of  responses  to  prolactin.  Düring 
the  vernal  migratory  period,  the  daily  rise  of  plasma  corticosterone  concentration 
occurs  near  dawn  (Dusseau  &  Meier,  1971;  Meier  &  Fivizzani,  1975).  Thus  there  is  a 
12-hour  interval  between  the  daily  rise  of  plasma  corticosterone  and  the  release  of  pitu- 
itary  prolactin  in  birds  m  spring  condition  (Meier  et  ah,  1969).  Early  durmg  the  Sum¬ 
mer  photorefractory  period,  the  rise  of  plasma  corticosterone  occurs  early  during  the 
dark  (Dusseau  &  Meier,  1971)  so  that  there  is  a  6-  to  8-hour  relation  between  the  cor¬ 
ticosterone  increase  and  the  release  of  pituitary  prolactin.  After  several  weeks  the  corti¬ 
costerone  rhythm  dampens  out  completely  but  reappears  as  a  new  distinct  rhythm  dur¬ 
ing  the  autumn  migratory  period  (Meier  &  Fivizzani,  1975).  Seasonal  changes  in  the 
plasma  corticosterone  rhythm  occur  in  sparrows  maintained  in  outdoor  aviaries 
(Dusseau  &  Meier,  1971)  as  well  as  indoors  on  constant  16-hour  daily  photoperiods 
(Meier  &  Fivizzani,  1975). 

The  manner  in  which  corticosterone  and  prolactin  injections  induce  seasonal  condi¬ 
tions  in  the  White-throated  Sparrow  has  not  been  fully  established.  However,  it  seems 
probable  that  gonadal  development,  nocturnal  restlessness,  and  the  orientational  effects 
are  consequences  of  hormone  action  on  the  nervous  System.  Timed  daily  injections  of 
corticosterone  and  prolactin  apparently  organize  entire  neuroendocrine  complexes 
appropriate  for  each  season. 

Inspired  by  observation  in  a  fish  that  corticosteroid  injections  entrain  circadian 
rhythms  of  fattening  responses  to  prolactin  which  persist  for  at  least  5  days  after  corti¬ 
costeroid  injections  are  terminated  (Meier,  et  ah,  1969;  1971),  we  reasoned  that  daily 
injections  of  corticosterone  and  prolactin  might  also  establish  persistent  circadian 
rhythms  in  the  White-throated  Sparrow.  We  further  hypothesized  that  the  temporal 
relation  of  two  circadian  neuroendocrine  oscillations  entrained  by  corticosterone  and 
prolactin  injections  may  be  the  basis  of  the  circannual  mechanism.  This  possibility  has 
recently  been  tested  in  the  White-throated  Sparrow  (Ferrell  &  Meier,  unpublished). 

Two  groups  of  sparrows  were  placed  in  LL  and  injected  with  corticosterone  and 
prolactin  in  a  12-hour  relation  for  11  days.  Birds  in  group  1  were  finishing  the  post- 
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nuptial  molt  in  late  summer  (August)  and  birds  in  group  2  were  entering  the  autumnal 
migratory  condition  (increased  fat  Stores  and  nocturnal  migratory  activity)  in  Septem¬ 
ber.  Most  of  the  sparrows  in  each  group  responded  to  the  injections  by  exhibiting  ver- 
nal  conditions  and  these  birds  were  observed  during  the  subsequent  months  when  they 
remained  untreated  on  14-hour  daily  photoperiods.  The  results  of  group  1  are  illus- 
trated  in  Figure  1.  The  vernal  conditions  (gonadal  Stimulation,  heavy  fat  Stores,  and 
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Figure  1.  Hormone  and  drug  induced  alter- 
ation  of  the  circannual  cycle  of  the  White- 
throated  Sparrow,  Zonotrichia  alhicollis.  Injec- 
tion  period  is  indicated  by  cross-hatching  and 
Orientation  of  nocturnal  activity  is  designated 
as  N  (northward)  or  S  (southward).  Treatment 
regimen  and  indices  of  the  parameters  meas- 
ured  are  provided  in  the  text. 


migratory  activity  oriented  northward)  terminated  3  to  4  weeks,  following  hormone 
treatment.  Postnuptial  molt  occurred  subsequently  in  each  group  and  was  followed  by 
fattening  and  nocturnal  activity  oriented  southward.  Although  some  of  the  birds  did 
not  exhibit  the  entire  ränge  of  conditions  noted,  at  least  several  birds  in  each  group 
performed  in  a  manner  which  suggests  that  the  hormone  injections  set  the  phase  of  the 
circannual  clock  so  that  hormone-treated  birds  progressed  from  late  vernal  conditions 
in  late  summer  to  summer  conditions  in  the  autumn  and  to  autumn  conditions  in  the 
winter. 


Neurotransmitter  components  of  the  circannual  clock 

It  seemed  likely  that  the  resetting  activities  of  corticosterone  and  prolactin  injections 
might  occur  by  way  of  known  feedback  influences  of  the  hormones  on  their  own  pro- 
duction.  The  mammalian  literature  indicates  that  prolactin  production  is  under  inhibi- 
tory  control  by  neurons  that  release  dopamine  (Shaar  &  Clemens,  1974;  Horowski  & 
Graf,  1976).  Prolactin  in  turn  inhibits  its  own  production  by  stimulating  enzymatic 
activity  that  leads  to  the  formation  of  dopamine  and  norepinephrine  (Mudelsky  et  ah, 
1977).  Both  catecholamines  are  important  neurotransmitters  of  the  brain  and  have 
many  basic  roles  in  neural  activities  in  addition  to  the  control  of  prolactin  production. 
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Neural  regulation  of  corticosteroid  production  at  least  with  respect  to  its  circadian 
rhythm,  is  not  so  well  delineated.  There  are  evidences  for  both  Stimulation  and  Inhibi¬ 
tion  of  corticosteroid  production  by  serotonergic  neurons,  and  corticosteroid  may  have 
both  stimulatory  and  inhibitory  effects  on  serotonin  synthesis  and  activity.  The  most 
immediate  effects  of  corticosteroid,  however,  appear  to  be  Stimulation  of  serotonin 
synthesis  (Naumenko,  1968).  Serotonin  is  also  one  of  the  most  important  neurotrans- 
mitters  of  the  brain.  Any  effect  on  its  production  or  activity  may  be  expected  to  have 
profound  mfluences  on  neural  and  hormonal  events. 

We  reasoned  that  if  corticosterone  and  prolactin  resetting  of  the  circannual  clock  is 
effected  by  way  of  influences  on  neurotransmitters  then  it  should  be  possible  to  set  the 
clock  with  drugs  that  simulate  the  hormonal  activities.  Accordingly  5-hydroxytrypto- 
phan  (5-HTP,  the  immediate  precursor  of  serotonin)  could  be  substituted  for  cortico¬ 
sterone  and  dihydroxyphenylalanine  (DOPA,  a  precursor  for  both  dopamine  and  nor- 
epinephrine)  could  be  substituted  for  prolactin.  Thus  in  late  October  a  group  (7  birds) 
of  birds  in  autumn  condition  were  taken  from  an  outdoor  aviary  and  placed  indoors  in 
LL.  Each  bird  was  injected  (s.c.)  daily  with  5-HTP  followed  in  1 1  hours  by  DOPA 
injections  (s.c.).  As  added  insurance  that  the  timing  of  serotonin  Stimulation  (with  5- 
HTP  injections)  would  be  precise,  parachlorophenylalanine  (PCPA,  a  potent  long-last- 
ing  inhibitor  of  5-HTP  synthesis)  was  injected  (s.c.)  daily  4  hours  after  DOPA  injec¬ 
tions.  A  group  of  4  uninjected  birds  were  subjected  to  similar  photoperiod  treatment 
for  comparative  purposes. 

After  2  weeks  of  daily  injections,  the  birds  were  transferred  to  a  photoperiodic  regi- 
men  (LD  16:  8)  in  which  they  were  retained  for  observation  during  the  ensueing 
months.  Compared  with  observations  made  before  the  injection  period,  significant 
gonadal  growth  (determined  by  laparotomy)  was  apparent  in  5  of  the  7  experimental 
birds.  No  gonadal  change  occurred  in  the  4  uninjected  birds.  Of  the  5  responding 
birds,  the  testes  (3  birds)  and  ovaries  (2  birds)  continued  development  until  mid- 
December  (see  Figure  1).  Fat  levels  also  increased  steadily  following  injections  and  par- 
alleled  gonad  growth.  The  birds  were  active  nocturnally  during  November  and  Decem- 
ber  and  this  activity  was  oriented  northward  in  birds  tested  under  the  open  sky.  The 
onset  of  a  complete  molt  of  body  and  flight  feathers  in  January  coincided  with  a 
decline  in  both  fat  Stores  and  gonad  size.  In  April  the  fat  levels  increased  and  nocturnal 
activity  reappeared.  However,  this  time  the  activity  was  directed  southward.  These 
findings  indicate  that  precursors  for  serotonin  and  catecholamine  neurotransmitters 
injected  daily  in  a  specific  temporal  relation  can  reset  the  circannual  mechanism  of 
birds  in  autumn  so  that  they  enter  an  early  stage  of  vernal  conditions.  This  resetting  by 
an  11-hour  relation  of  5-HTP  and  DOPA  injections  differs  somewhat  from  that  pro- 
duced  by  a  12-hour  relation  of  corticosterone  and  prolactin  which  reset  the  circannual 
mechanism  in  a  late  stage  of  vernal  conditions. 


Conclusions 

A  salient  feature  that  emerges  from  these  studies  is  that  changing  temporal  relations 
between  two  circadian  neural  oscillations  can  account  for  the  circannual  changes  in  re- 
production,  metabolism,  and  behavior  of  the  White-throated  Sparrow.  The  circadian 
rhythms  of  corticosterone  and  prolactin  are  expressions  of  these  oscillations;  and  injec- 
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tions  of  these  hormones  apparently  set  the  phase  of  the  neural  oscillations  by  way  of 
feedback  influences  on  serotonergic  and  catecholaminergic  neurons.  Each  neural  oscil- 
lation  may  be  composed  of  many  parts  that  can  be  uncoupled.  Both  oscillations  are 
probably  responsible  for  the  regulation  of  circadian  neural  and  endocrine  events  in 
addition  to  the  corticosterone  and  prolactin  rhythms.  Interaction  of  the  two  neural 
oscillations  and  their  products  may  account  for  additional  effects  such  as  production  of 
gonadotropic  hormones.  The  changing  relations  of  the  neural  oscillations  are  probably 
driven  by  the  products  of  every  preceeding  temporal  relationship.  Much  needs  to  be 
done  to  test  this  working  hypothesis  in  the  White-throated  Sparrow  and  in  other  spe- 
cies.  The  theoretical  and  practical  implications  of  our  results  mandate  a  major  effort  to 
understand  the  mechanisms  involved. 
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Temporal  Aspects  of  the  Secretion  of  Luteinizing  Hormone  and  Androgen 
in  the  White-crowned  Sparrow,  Zonotrichia  leucopbrys 

John  C.  Wingfield  and  Donald  S.  Farner 

Introduction 

The  White-crowned  Sparrow,  Zonotrichia  leucophrys,  is  a  particularly  useful  species 
for  investigations  of  the  environmental  and  endocrine  control  of  annual  rhythms. 
Within  this  one  species  there  are  five  races  that  show  a  wide  spectrum  of  annual  cycles 
ranging  from  a  non-migratory  race  of  Coastal  California  to  a  migratory  race  that 
breeds  over  a  vast  area  across  Alaska  and  northern  Canada  and  winters  in  southwestern 
U.S.A.  (CoRTOPASsi  &  Mewaldt,  1965). 

As  the  literature  on  the  reproductive  biology  of  this  species  is  now  voluminous,  dis- 
cussion  in  this  Brief  communication  will  he  restricted  to  temporal  changes  in  plasma 
luteinizing  hormone  (LH),  testosterone  and  17ß-hydroxy-5a-androstan-3-one  (DHT) 
in  males,  the  relationships  of  these  changes  to  the  reproductive  cycle  and  modifications 
thereof  that  can  he  induced  by  the  environment. 

Photoperiodic  control 

The  role  of  the  late  winter  and  vernal  increase  in  day  length  in  the  initiation  and  reg- 
ulation  of  gonadal  growth  in  this  species  is  well  documented  (e.g.  Farner,  1966;  Far¬ 
ner  &  Lewis,  1971;  Farner,  1975)  and  is  currently  thought  to  act  primarily  as  a  “dri- 
ver”  for  the  gonadal  cycle  rather  than  as  a  Zeitgeber  for  an  endogenous  circannual 
function  (King  &  Farner,  1974;  Farner,  1976;  Farner  &  Follett,  1978). 

The  demonstration  of  endogenous  circannual  rhythms  in  Phylloscopus  and  Sylvia 
(Berthold  et  ah,  1972  a,  b;  Gwinner,  1973;  Gwinner  &  Dorka,  1976;  Gwinner, 
1977)  emphasizes  the  probability  that  mechanisms  Controlling  annual  cycles  have  evol- 
ved  independently  among  birds  many  times. 

A  primary  effect  of  increasing  day  length  is  an  increase  in  the  release  of  gonadotro- 
pic  hormones  and  thus  gonadal  growth.  Luteinizing  hormone  (LH)  stimulates  the 
testes  to  secrete  testosterone  (Brown  et  ah,  1975;  Maung  &  Follett,  1977),  which  in 
conjunction  with  follicle  stimulating  hormone  (FSH),  stimulates  and  maintains  sperma- 
togenesis  (Brown  &  Follett,  1977;  Desjardins  &  Turek,  1977). 

If  male  White-crowned  Sparrows  previously  held  on  short  day  lengths  (8  L:  16  D) 
are  transferred  to  long  days  (20  L:4  D)  there  is  a  10  —  20  fold  increase  in  the  plasma 
level  of  immunoreactive  luteinizing  hormone  (irLH)  within  3  —  5  days  remaining  at  a 
maximum  throughout  the  period  of  testicular  growth  (Follett  et  ah,  1975).  Plasma 
levels  of  testosterone  and  DHT  begin  to  increase  by  day  20  and  reach  a  maximum  at 
day  30  —  35  as  the  logarithmic  phase  of  testicular  growth  comes  to  an  end  (Lam  &  Far¬ 
ner,  1976).  A  circadian  function  in  photosensitivity  has  been  demonstrated  in  this  spe¬ 
cies  (Follett  et  ah,  1974)  with  the  photoinducible  phase,  as  far  as  LH  secretion  is  con- 
cerned  occurring  between  12  and  20  hours  after  dawn.  The  plasma  levels  of  LH  and 
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testosterone  in  males  exposed  to  natural  day  lengths  in  Seattle  begin  to  increase  in 
February  and  reach  maxima  in  late  May  and  early  June  (Mattocks  et  ab,  1976;  F.  Lam 
&  D.  S.  Farner,  unpublished). 

In  captive  male  White-crowned  Sparrows  gonadal  growth  is  quantitatively  and  qua- 
litatively  similar  to  that  in  the  field,  but  in  females,  ovarian  growth  rarely  progresses  to 
the  phase  of  yolk  deposition.  Thus,  one  is  faced  with  the  problem  of  the  significance  of 
temporal  changes  in  plasma  levels  of  hormones  in  captive  birds  in  comparison  with 
their  conspecifics  in  the  field.  Photoperiodic  mechanisms  are  sufficient  and  essential  for 
the  Initiation  of  gonadal  growth,  but  at  least  in  females,  the  presence  of  a  mate  with 
suitable  territory  for  nest  sites  appears  to  be  necessary  for  the  final  maturation  of  the 
ovary  (King  et  ah,  1966;  Farner  &  Lewis,  1971).  Several  other  factors  may  also  be 
involved.  For  reviews  of  proximate  and  ultimate  factors  affecting  the  fine  tuning  of 
breeding  cycles  see  Immelmann,  1973;  Farner  &  Follett,  1978. 

Field  studies 

Recently  we  (Wingfield  &  Farner,  1976)  described  techniques  for  the  procurement 
of  serial  blood  samples  from  individual  birds  in  the  field.  These  techniques  have  now 
been  applied  to  two  taxa  of  White-crowned  Sparrow. 
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Figure  1.  Increase  in  plasma  levels  of  hor¬ 
mones  above  basal  in  captive  and  feral  Z.  l. 
gambelii  during  a  gonadal  cycle.  These 
increases  are  expressed  as  the  ratio  of  the 
maximum  plasma  level  to  the  minimum 
plasma  level  measured  throughout  a  cycle. 
Data  are  taken  from  Follett  et  ah,  1975; 
Lam  &  Farner,  1976  and  unpublished; 
Mattocks  et  ah,  1976;  Wingfield  &  Far¬ 
ner,  1977,  1978  a,  b  and  unpublished. 

b.  —  breeding  males 
n.b.  —  non-breeding  males 


In  males  of  the  long  distance  migrant  Z  /.  gambelii,  plasma  irLFi  and  androgen  levels 
begin  to  increase  in  late  winter  and  early  spring.  As  day  length  increases  and  migration 
ensues  these  levels  increase  further  to  maxima  in  late  May  and  early  June  when  birds 
are  on  their  breeding  territories  in  central  Alaska  and  courtship  and  nesting  activities 
are  in  progress  (Wingfield  &  Farner,  1978  a).  A  similar  trend  is  seen  in  males  of  the 
short  distance  migrant  Z  /.  pugetensis  that  breeds  in  the  Füget  Sound  area,  although 
courtship  and  nesting  activities  begin  a  full  month  earlier  in  late  April  and  early  May 
(Wingfield  &  Farner  1977,  1978  b). 

As  testosterone  has  been  implicated  in  the  control  of  territorial  and  sexual  behavior 
(e.g.  Lofts  &  Murton,  1973),  high  plasma  levels  during  the  period  of  courtship  and 
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establishment  of  territory  are  not  surprizing.  In  Figure  1  it  can  be  seen  that  the  high 
levels  of  testosterone  in  the  plasma  of  Z  /.  gamhelii  in  the  field  far  exceed  those  meas- 
ured  in  birds  in  captivity.  Testosterone  levels  in  field  birds  increase  substantially  more 
than  those  in  birds  with  an  artificially  induced  cycle  on  20  L:  4  D  or  in  those  held  in 
outdoor  aviaries  (p  >  0.001).  Levels  in  non-breeding  males  in  the  field  also  increase  in 
a  manner  similar  to  that  in  breeding  males.  These  non-breeding  males  hold  territories 
but  are  without  mates.  The  plasma  levels  of  irLH  and  DHT  do  not  differ  so  dramati- 
cally  but  do  tend  to  be  higher  in  feral  individuals.  The  lower  plasma  testosterone  levels 
in  males  in  the  laboratory  may  be  a  result  of  the  stress  of  captivity  even  though  testicu- 
lar  growth  is  qualitatively  and  quantitatively  similar  in  captive  and  free  living  birds.  It  is 
also  possible  that  the  higher  levels  in  feral  birds  are  the  result  of  other  non-photoper- 
iodic  factors  imparted  by  the  natural  environment. 


Factors  other  than  day  length 

As  incubation  ensues  plasma  levels  of  irLH  decrease  with  an  accompanying  precipi- 
tous  decline  in  the  plasma  levels  of  testosterone.  In  Z.  /.  gamhelii  these  levels  are  near 
basal  by  the  time  that  young  are  being  fed  (Wingfield  &  Farner,  1978  a)  whereas  in 
the  double-brooded  Z  /.  pugetensis  the  decline  in  irLH  and  testosterone  during  the 
incubation  of  the  first  clutch  is  not  as  great.  These  lower  levels  of  testosterone,  still 
over  10  times  greater  than  basal,  may  be  involved  in  the  maintenance  of  a  territory  and 
pair  bond  through  to  courtship  and  nesting  for  the  second  brood.  There  is  no  second 
increase  in  testosterone  despite  a  second,  smaller  increase  in  irLH.  During  incubation 
of  the  second  clutch,  in  this  population  the  final  clutch,  plasma  levels  of  irLH  and  tes¬ 
tosterone  decline  to  basal  values  as  in  the  single-brooded  Z.  /.  gamhelii  (Wingfield  & 
Farner,  1977;  1978  b). 

Such  a  decrease  in  plasma  testosterone  during  incubation  may  be  adaptive  in  reduc- 
ing  the  singing  frequency  and  aggressive  behavior  in  males  with  an  established  territory 
in  sufficient  time  to  begin  feeding  young  that  hatch  12  to  14  days  thereafter  (see  Wing¬ 
field  &  Farner,  1978  a).  In  addition  the  visual  and  tactile  Stimuli  provided  by  nest  and 
eggs  or  young  may  induce  parental  type  behavior,  possibly  through  the  action  of  pro- 
lactin  which  in  turn  depresses  the  secretion  of  gonadotropin  and  testosterone  (see 
Lehrman,  1961). 

We  have  additional  evidence  from  renesting  Z.  /.  gamhelii  that  factors  other  than  day 
length  affect  secretion  of  irLH  and  testosterone.  This  form  is  single-brooded  but  capa- 
ble  of  renesting  if  the  first  clutch  or  brood  is  lost  sufficiently  early  in  the  season,  i.e. 
before  the  onset  of  photorefractoriness.  When  renesting  both  plasma  levels  of  irLH 
and  testosterone  increase  (Table  1)  concomitantly  with  the  return  of  testis  weight  to 
maximum  and  an  increase  in  singing  frequency  and  courtship  behavior.  As  all  birds  in 
the  immediate  area,  whether  renesting  or  not,  are  subject  to  the  same  day  length,  tem- 
perature,  rainfall  and  availability  of  food  then  it  seems  that  the  Stimulus  for  these  in- 
creases  in  irLH  and  testosterone  may  be  provided  by  the  mate.  When  the  clutch  or 
brood  is  lost  the  Stimuli  for  parental  behavior  and  the  inhibitory  effect  on  the  secretion 
of  gonadotropins  (see  Lehrman,  1961)  in  the  female  are  lost,  and  since  the  daily  photo- 
period  is  still  long,  she  begins  anew  the  rapid  final  maturation  stage  in  ovarian  growth. 
Males  do  not  incubate  but  do  help  to  feed  young,  therefore  such  a  mechanism  might 
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operate  in  males  also.  However,  as  estrogen  levels  increase  in  females  (see  Wingmeld 
&  Farner,  1978  a,  b)  she  begins  courtship  posturing,  thus  providing  additional  visual, 
and  possibly  auditory  and  tactile,  Stimuli  to  the  male  which  may  cause  increased  secre- 
tion  of  irLFi  and  testosterone  and  a  return  of  testis  weight  to  maximum. 

It  should  be  also  noted  that  this  second  peak  in  plasma  testosterone  (Table  1)  is  simi- 
lar  to  the  level  maintained  between  broods  in  Z.  /.  pugetensis  (Wingfield  &  Farner 
1978  b)  and  significantly  less  (p  <  0.05)  than  the  first.  As  the  same  pairs  remain  mated 
and  on  the  same  territory  when  renesting  it  is  thought  that  as  in  Z.  /.  pugetensis  this 
lower  level  of  testosterone  is  sufficient  to  maintam  the  pair  bond  and  territorial  and 
sexual  behavior. 


Table  1 ;  Plasma  hormone  levels  in  renesting  male  Z  /.  gambelii  sampled  in  the  Fairbanks  region 

of  Alaska 


loss  of  clutch 


hormone 

nesting  for 
first  clutch 

incubation 

feeding 

young 

renesting 

irLH 

5.02  ±  0.27 

3.54  ±  0.24 

3.23  ±  0.38 

6.16  ±  0.75 

testosterone 

4.18  ±  0.49 

0.65  ±  0.11 

0.45  ±  0.21 

1.88  +  0.56 

DHT 

0.45  ±  0.08 

0.13  ±  0.02 

0.15  ±  0.03 

0.20  ±  0.04 

All  figures  are  means  ±  Standard  error. 

'  irLH  =  immunoreactive  luteinizing  hormone. 


There  is  evidence  of  a  possible  mechanism  by  which  such  information  may  regulate 
hormone  titers.  Yokoyama  &  Farner  (1976)  have  shown  that  inhibitory  information 
may  be  mediated  via  the  eyes  in  captive  female  Z.  /.  gambelii  depressing  plasma  irLH 
and  inhibiting  the  final  maturation  phase  of  the  ovary.  Whether  or  not  such  a  mecha¬ 
nism  is  in  Operation  in  males  remains  to  be  determined. 
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The  Role  of  the  Testes  in  the  Initiation  and  Maintenance 

of  Photorefractoriness 

P.  J.  Sharp 

Introduction 

Many  birds  stop  breeding  in  the  summer  even  though  they  are  exposed  to  photoperi- 
ods  which  are  longer  than  those  which  stimulated  breeding  in  the  spring.  Such  birds  are 
termed,  photorefractory’  because  reproductive  activity  is  not  maintained  by  long  pho- 
toperiods.  In  male  birds  (data  for  females  are  more  limited),  the  development  of  photo¬ 
refractoriness  is  associated  with  a  fall  in  the  concentrations  of  plasma  luteinizing  hor- 
mone  (LH),  follicle  stimulating  hormone  (FSH)  and  testosterone  (e.g.  Garnier,  1971; 
Temple,  1973;  Wilson  &  Follett,  1974;  Haase  et  ah,  1975;  Sharp  et  ah,  1975; 
Balthazart  &  Hendrick,  1976;  Mattocks  et  ah,  1976).  These  observations  suggest 
that  the  testes  regress  in  photorefractory  birds  because  of  a  reduction  in  the  secretion 
of  LH  and  FSH  and  not  because  there  is  an  internal  annual  rhythm  of  testicular  activity 
(Marshall,  1951)  or  a  selective  depression  of  FSH  secretion  (e.g.  Murton,  1975). 
Photorefractoriness  is  also  unhkely  to  be  due  to  an  ‘exhaustion’  of  the  pituitary  gland, 
since  LH  release  occurs  in  response  to  injections  of  synthetic  LH-releasing  hormone 
(LH-RH)  in  photosensitive,  photorefractory  and  breeding  birds  (e.g.  Sharp,  1978). 
The  reduction  of  gonadotrophin  secretion  in  photorefractory  birds  thus  appears  to  be 
due  to  a  reduction  in  the  secretion  of  LH-RH  by  the  hypothalamus. 

Two  general  approaches  have  been  adopted  to  explain  why  the  secretion  of  LH-RH 
is  reduced  in  photorefractory  birds.  One  Starts  with  the  premise  that,  since  endogenous 
rhythms  are  involved  in  many  physiological  functions,  including  the  photoperiodic 
induction  of  testicular  growth  (e.g.  Farner,  1975),  they  are  also  responsible  for  the 
regulation  of  testicular  regression.  The  other  is  derived  from  the  premise  that,  since 
changes  in  hypothalamic  sensitivity  to  the  negative  feedback  action  of  Steroids  are 
thought  to  be  involved  in  the  initiation  of  puberty  (e.g.  Davidson,  1974)  and  in  sea¬ 
sonal  breeding  in  mammals  (e.g.  Pelletier  &  Ortavant,  1975  b;  Legan  et  ah,  1977), 
an  increase  in  the  sensitivity  of  the  hypothalamus  to  the  inhibitory  effects  of  Steroids 
may  cause  photorefractoriness  in  birds.  Other  papers  in  this  volume  deal  with  aspects 
of  the  role  of  endogenous  (circadian  and  circannual)  rhythms  in  seasonal  breeding;  in 
this  paper,  attention  is  focused  on  some  experiments  in  which  the  role  of  the  testes  in 
the  regulation  of  photorefractoriness  has  been  investigated. 

The  role  of  the  photoperiod  and  Steroid  feedback  in  seasonal  breeding 

If  changes  in  the  sensitivity  of  the  hypothalamus  to  the  negative  feedback  effects  of 
gonadal  Steroids  are  responsible  for  the  regulation  of  seasonal  breeding,  then  the  inhi¬ 
bitory  or  stimulatory  effects  of  decreasing  or  increasing  photoperiods  on  gonadotro¬ 
phin  release  must  be  mediated  via  the  gonads.  It  follows  that  in  the  absence  of  the 
gonads  the  concentration  of  plasma  LH  will  be  elevated  and  similar  in  animals  exposed 

Agricultural  Research  Council’s  Poultry  Research  Centre,  King’s  Buildings,  Edinburgh  EH  9  3JS,  United 
Kingdom. 


Sharp:  Photorefractoriness 


469 


to  stimulatory  or  inhibitory  photoperiods.  This  prediction  has  been  confirmed  in  ovar- 
iectomised  ewes  (Legan  et  ab,  1977)  but  not  in  rams  (Pelletier  &  Ortavant,  1975  a), 
quail  (Gibson  et  ab,  1975)  or  tree  sparrows  (Wilson  &  Follett,  1977).  In  castrated 
rams,  quail  and  sparrows,  the  concentration  of  plasma  LH  is  higher  in  animals  exposed 
to  stimulatory  photoperiods  than  in  those  held  on  inhibitory  photoperiods.  However, 
in  various  species,  including  ducks  (Gogan  &  Kordon,  1964)  rams  (Pelletier  & 
Ortavant,  1975  b)  and  quail  (Davies  et  ab,  1976),  there  is  evidence  that  the  hypothal- 
amic-pituitary  unit  is  less  sensitive  to  Steroid  negative  feedback  under  stimulatory  pho¬ 
toperiods  than  under  non-stimulatory  photoperiods.  These  observations  lead  to  the 
conclusion  that  seasonal  breeding  may  be  controlled  by  two  mechanisms:  the  relative 
importance  of  either  mechanism  may  vary  between  the  sexes  and  between  species.  The 
first  mechanism  involves  a  direct  effect  of  the  photoperiod  on  gonadotrophin  release 
and  the  second  involves  an  effect  of  the  photoperiod  on  the  sensitivity  of  the  hypothal- 
amic-pituitary  complex  to  inhibitory  Steroids  (Fig.  1).  Both  mechanisms  are  envisaged 
as  being  mediated  via  endogenous  (circadian  or  circannual)  rhythms  (Fig.  1). 


LH-RH 


/  Figure  1.  A  diagrammatic  illustra- 

/  tion  of  the  principal  mechanisms 

I  which  have  been  suggested  to  be 

\  involved  in  the  regulation  of  sea- 

\  sonal  breeding.  Seasonal  changes  in 

\  the  photoperiod  are  thought  to 

\  influence  directly  (straight  arrow) 

the  activity  of  LH-RFI  neurones 
and  to  modulate  indirectly  (bent 
arrow)  the  sensitivity  of  the  hypo- 
thalamus  to  the  negative  feedback 
action  of  gonadal  Steroids. 


The  role  of  the  testes  in  the  maintenance  of  photorefractoriness 

In  Order  to  explain  the  physiological  basis  of  photorefractoriness  in  terms  of  the 
mechanisms  illustrated  in  Fig.  1  it  is  suggested  that  the  direct  stimulatory  effect  of  long 
photoperiods  on  the  activity  of  LH-RH  neurones  is  counteracted  by  the  inhibitory 
effect  of  neurones  sensitive  to  Steroids.  It  follows  that  the  sensitivity  of  the  inhibitory 
neurones  to  Steroid  feedback  increases  as  a  result  of  exposure  to  long  photoperiods. 
This  increased  sensitivity  is  thought  to  develop  progressively  during  the  course  of  the 
breeding  season  and  may  be  due  to  an  interaction  with  hormones  secreted  as  a  result  of 
photostimulation.  The  effect  of  the  photoperiod  on  the  sensitivity  of  inhibitory  neu¬ 
rones  to  Steroid  feedback  is  therefore  believed  to  be  indirect  (Fig.  1).  A  test  of  this 
hypothesis  would  be  to  show  that  in  photorefractory  birds,  the  concentrations  of 
plasma  gonadotrophins  are  high  in  the  absence  of  inhibitory  steroids  in  the  blood. 
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Since  testicular  and  adrenal  Steroids  inhibit  the  secretion  of  LH  in  birds  (Wilson  & 
Follett,  1975,  Davies  et  al.,  1976;  Yokoyama,  1977),  removal  of  all  inhibitory  Steroids 
can  only  be  achieved  by  removing  or  inactivating  both  the  testes  and  adrenal  glands.  At 
the  time  of  writing  the  result  of  such  an  experiment  has  not  been  reported.  However, 
the  effect  of  removing  the  testes  on  the  concentration  of  plasma  LH  has  been  investi- 
gated  in  photorefractory  canaries  (Nicholls  &  Storey,  1976)  and  red  grouse  (Sharp 
&  Moss,  1977).  The  resulting  observations  are  confhcting  because  in  photorefractory 
canaries  maintained  on  a  long  photoperiod  the  concentration  of  plasma  LH  remained 
low  after  castration  whereas  in  photorefractory  grouse  maintained  on  a  long  photope¬ 
riod,  castration  caused  a  steep  increase  in  the  concentration  of  this  hormone.  This  spe- 
cies  difference  may  be  explained  by  supposing  that  adrenal  Steroids  play  a  more 
important  role  in  the  maintenance  of  photorefractoriness  in  canaries  than  they  do  in 
grouse.  The  observation  that  the  adrenals  nearly  double  in  mass  in  photostimulated 
intact  and  castrated  sparrows  (Stetson  &  Erickson,  1971)  further  Supports  the  view 
that,  in  finches,  seasonal  changes  in  adrenal  activity  could  play  a  role  in  the  mainte¬ 
nance  of  photorefractoriness. 

Photorefractoriness  can  not  be  due  to  a  failure  of  the  biological  clock  to  measure 
time  since  photorefractory  birds  respond  differently  to  long  or  short  photoperiods. 
Thus  the  concentration  of  plasma  LH  increases  steeply  in  photorefractory  castrated 
red  grouse  (Sharp  &  Moss,  1977)  and  willow  grouse  (Stokkan  &  Sharp,  unpublished) 
maintained  on  a  long  photoperiod  but  fails  to  increase  (willow  grouse)  or  increases 
slowly  (red  grouse)  when  the  birds  are  maintained  on  a  short  photoperiod.  Photore¬ 
fractory  canaries  can  also  distinguish  between  long  and  short  photoperiods  since  pho- 
tosensitivity  is  regained  if  the  birds  are  held  on  short  photoperiods  but  not  if  they  are 
kept  on  long  photoperiods  (Nicholls  &  Storey,  1976). 

These  observations  are  consistent  with  the  hypothesis  that  photorefractory  birds  are 
still  aware  of  long  photoperiods  as  indicated  in  Fig.  1  but  are  unable  to  respond  because 
of  the  inhibitory  feedback  effects  of  testicular  and  adrenal  Steroids.  In  the  finches,  but 
not  in  grouse,  the  testes  do  not  appear  to  be  essential  for  the  maintenance  of  photore¬ 
fractoriness. 

As  mentioned  previously  the  sensitivity  of  the  hypothalamus  to  Steroid  feedback  may 
increase  progressively  during  the  breeding  season  because  of  an  interaction  with  hor- 
mones  secreted  as  a  result  of  photostimulation.  There  are  two  reports  which  suggest 
that  one  such  hormone  could  be  thyroxine.  Thus  in  ducks,  the  concentration  of  plasma 
thyroxine  is  elevated  during  the  photorefractory  period  (Astier  et  ah,  1970)  and  in 
starlings  photorefractoriness  does  not  develop  if  the  birds  are  thyroidectomized  before 
exposure  to  long  photoperiods  (Wieselthier  &  van  Tienhoven,  1972).  Our  studies  on 
Mallard  drakes  (Sharp  &  Klandorf,  unpubl.)  show  that  the  concentration  of  plasma 
thyroxine  increases  at  the  end  of  breeding  period  after  the  concentrations  of  plasma 
LH  and  testosterone  have  fallen  (Sharp  &  Klandorf,  unpubl.).  It  is  therefore  doubtful 
if  increased  thyroid  activity  plays  a  primary  role  in  the  initiation  of  photorefractoriness. 

The  role  of  the  testes  in  the  initiation  of  photorefractoriness 

One  of  the  arguments  against  the  view  that  an  increase  in  hypothalamic  sensitivity  to 
Steroid  feedback  is  responsible  for  the  development  of  photorefractoriness  is  the  obser- 
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vation  that  castrated  finches  (e.g.  Stetson  &  Erickson,  1971;  Wilson  &  Follett, 
1974;  Mattocks  et  al.,  1976)  and  castrated  grouse  (Sharp  et  al.,  1975;  Stokkan  & 
Sharp,  unpubl.)  become  photorefractory.  However,  as  mentioned  previously  this  argu- 
ment  can  not  be  accepted  without  reservation  until  it  can  be  shown  that  adrenalectom- 
ized-gonadectomized  birds  also  become  photorefractory. 

In  all  the  finch  studies  mentioned  above,  as  judged  by  the  time  taken  for  the  concen- 
trations  of  plasma  LH  to  begin  to  fall,  the  onset  of  photorefractoriness  began  in  cas¬ 
trated  birds  at  about  the  same  time  as  in  the  intact  Controls.  This  observation  suggests 
that  photorefractoriness  is  initiated  by  a  mechanism  which  is  independent  of  the  testes. 
Subsequent  studies  have  shown  that  this  inference  does  not  hold  for  willow  grouse 
(Stokkan  &  Sharp,  unpubl.)  or  for  canaries  (Storey  et  ab,  unpubl.).  In  photosensitive 
willow  grouse  the  concentration  of  plasma  LH  increased  and  returned  to  a  base-line 
over  a  period  of  67  days  after  castration  and  transfer  from  a  non-stimulatory  (8L:16D) 
to  a  stimulatory  photoperiod  (8D:  16L).  Plasma  LH  levels  in  intact  control  grouse 
were  still  elevated  67  days  after  transfer  to  the  stimulatory  photoperiod.  In  canaries 
transferred  from  a  non-stimulatory  photoperiod  (8L:  16D)  to  a  marginally  stimulatory 
photoperiod  (HL:  13D)  or  to  a  highly  stimulatory  photoperiod  (20L:  4D),  as  judged 
by  changes  in  the  concentration  of  plasma  LH,  castrated  birds  became  photorefractory 
more  quickly  than  intact  Controls.  It  took  95  and  67  days  respectively  for  castrated  ca¬ 
naries  held  on  photoperiods  of  HL:  13D  and  20L:  4D  to  become  photorefractory.  The 
corresponding  figures  for  the  intact  control  birds  were  >230  days  for  birds  on 
HL:  13D  and  130  days  for  birds  on  20L:  4D.  These  observations  show  that  both  the 
length  of  the  photoperiod  and  the  secretions  of  the  testes  can  play  a  role  in  the  regula- 
tion  of  the  onset  of  photorefractoriness.  This  dual  mechanism  may  be  important  in  spe- 
cies  like  the  canary  which  have  a  relatively  long  breeding  season.  In  species  like  Tree 
Sparrows  (Wilson  &  Follett,  1974)  and  White-crowned  Sparrows  (Mattocks  et  ab, 
1976),  in  which  the  breeding  season  is  short,  this  effect  of  the  testes  may  have  no 
adaptive  significance  and  be  suppressed. 

Conclusions 

Although  the  evidence  is  still  fragmentary,  it  seems  that  in  some  species  the  testes 
play  a  role  in  the  development  and  maintenance  of  photorefractoriness.  In  photorefrac¬ 
tory  grouse  the  concentration  of  plasma  LH  is  kept  depressed  by  testicular  hormones 
while  in  the  canary,  the  testes  play  a  role  in  the  timing  of  the  onset  of  photorefractori¬ 
ness. 
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Die  endogene  Steuerung  der  Jahresperiodik:  Eine  kurze  Übersicht 

Peter  Berthold 

Einführung 

Das  Studium  der  endogenen  Steuerung  der  Jahresperiodik  hat  in  den  letzten  Jahren 
beträchtliche  Fortschritte  gemacht.  Im  folgenden  wird  eine  kurze  Übersicht  über  die 
bisher  erzielten  Ergebnisse  gegeben,  die  eine  allgemeine  Einschätzung  des  Phänomens 
erlauben  und  Anregungen  für  weiterführende  Untersuchungen  geben  soll. 

Nachweise  circannualer  Rhythmik 

Die  besten  Beweise  für  die  endogene  Steuerung  jahresperiodischer  Vorgänge  sind 
sichere  Nachweise  circannualer  Rhythmen.  Tab.  1  faßt  die  bisher  erzielten  Nachweise 
circannualer  Periodik  zusammen.  Circannuale  Rhythmik  konnte  inzwischen  bei  insge¬ 
samt  13  Vogelarten  aus  6  verschiedenen  Familien  und  für  4  verschiedene  jahresperiodi¬ 
sche  Vorgänge  nachgewiesen  werden. 
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Abb.  1 :  Circannuale  Mauserperiodik  einer  handaufgezogenen  Sylvia  borin  bei  zehnjähriger  Hal¬ 
tung  in  konstanten  Bedingungen  (LD  10  :  14).  Zur  Veranschaulichung  des  Freilaufens  der  Perio¬ 
dik  ist  das  Kalenderjahr  3,5mal  nebeneinander  aufgetragen.  Schwarze  Balken:  „Sommer“-Mau- 
ser;  weiße  Balken:  „Winter“-Mauser;  ?:  vermutliche  Mauserzeit  ohne  Mauser  (Berthold  unver¬ 
öffentlicht). 


Beispiele  circannualer  Rhythmen 

Inzwischen  gelangen  einige  besonders  überzeugende  und  aufschlußreiche  Nach¬ 
weise  circannualer  Rhythmen,  von  denen  einer  in  Abb.  1  dargestellt  ist.  Eine  Garten¬ 
grasmücke  Sylvia  borin  zeigte  in  konstanten  Versuchsbedingungen  eine  freilaufende 
Mauserperiodik  über  die  Dauer  von  zehn  Kalenderjahren.  Mit  einer  durchschnittlichen 
Periodenlänge  von  9,7  Monaten  verfrühten  sich  die  Beginne  der  einzelnen  Mausern 
von  Jahr  zu  Jahr  fortlaufend,  so  daß  der  Vogel  in  den  ersten  7  Kalenderjahren  8  sub¬ 
jektive  Mauserzyklen  und  mit  seiner  Mauserperiodik  insgesamt  fast  dreimal  das  ganze 
Kalenderjahr  durchlief.  1976  und  1977  mauserte  der  Vogel  jeweils  nur  einmal.  Die 
1977er  Mauser  liegt  jedoch  derart  in  der  Verlängerung  der  Sequenz  der  „Sommer“- 

Max-Planck-Institut  für  Verhaltensphysiologie,  Vogelwarte  Radolfzell,  Bundesrepublik  Deutschland. 


474 


SYMPOSIUM  ON  ANNUAL  RHYTHMS 


_bc 

c 


O 

t 

<u 

> 

Ln 

1^ 

o 

oJ 

w 

Z 

Z 

O 

"TD 

C 

D 

-Lj- 

rs, 

o^ 


o 

X 

H 

OS 

tü 

PQ 

u 

cS 

_c 

•u 

bß 

■O 

> 

'53 

jß 

c 

<u 

e 

-C 

w 

-C 

u 

jj 

a 

3 

c 

c 

oj 

u 

u. 


(U 

_c 

u 

rt 

z 


•u 

-D 

oS 

H 


c 

o 

'  w 

cs 

i-T  3S 

u  3 

u 

3  ^ 

"O 

'L> 

c 

D  lÜ, 


c 

<ü 

«u 

4-> 

"O 

tiiD 

oJ 

_o 

C 

C 

u« 

O 

<o 

CIh 

— 

Uh 

CJ 

<u 

g  S  £ 

H  C/5  — ^ 

N  «  ^ 

g  <  G  N 

£  w 
W3 


c  £ 


E  G  ■ 


X 

cS 


3  ^ 

-  ^  n 

C  3 


A  'U 

E  > 


3  QJ  cS 

C/5  ^ 

J3  cs  c  • 
-o  o  "O 
V  <u 
CQ 


(U 

W) 

c 

:cS 

bJO 

i-^ 

o 

> 

<U 

j::: 

u 

00 

o 

*  u 
(U 

cx 


c 

<u 

ti£) 

c  ^ 
tüoH 

-S  ^ 

(U 

CQ 


r\ 

ON 

qc 

Ui 


r\ 

a^ 

X 

X 

z 

z 


Ü 


GN 


z 

-C 

_c 

ON 

u 

o 

Ü 

i-i 

o  ~ 

m 

C 

t\  c 

a 

r\ 

r\  <u 

rv,  (u 

<u 

Q 

ON 

Ol 

Q 

_4 

^  li: 

:0 

Q  i“ 

_;  Cj 

r\ 

ON 

sD 

r\ 

ON 

ON  it; 
^  :0 
Q 

3  ^ 

0 

X 

H 

CQ 

< 

o 

X 

H 

O  ^ 

3  C 
^  3 

ud, 

z 

OC 

O  C 
1 " 

DC 

X 

OS 

t3  -Q 

o 

OS  "O 

u 

CQ 

u 

c/^ 

u 

tn 

-  C 
CQ  3 

w 

Q 

w  c 
PQ  3 

nO^ 

LO 

o 

rs| 

m 

OO 

LT) 

n3 

lo 

o' 

o" 

o 

o 

7 

rO 

o" 

1 

o 

O 

oo 

ON 


(N 


rs|  fM  rvj 


<N 


oo 

(N 


O 

(N 


ON 


ON  ON  ON 


(N 

(N 


r\ 


D 

C 


D 

u 

C 


U( 

(U 


D 


»U 

-C 

Q 

u, 

C 


<Ü 

-C 

3 

Uh 

C 


-C 

u 

<Ü 

tü 

u 

<Ü 


»u 

ÖX) 

Uh 

«u 


o 


c 

<u 

0+H 

:0 

Uh 

<u 

> 

c 

3 

Q 

O 

X 

H 

Ce: 

Ui 

CQ 


rsi 


oo 


3 

JX 

3  _ 

-C 

3 

3 

3 

3 

D.-3 

Cl. 

6JD 

o 

bC-bS 

4J 

u 

6iD 

6X) 

bß 

b£) 

E 

1-,  u 

3 

‘  s 

3 

Ci3 

*  s 

3 

3 

3 

3 

•9 

:0 

^32 

N 

eu 

N  N 

:0 

c> 

(U 

N 

N 

N 

N 

^  N 

C 

^  =2 

O 

Uh 

uT 

W) 

u< 

i-T  u 

to 

ÖJD 

Uh 

u 

uT 

uT 

uT 

Uh 

>4'_E 

U 

lT  W 

bß 

o; 

eU 

(U  ”D 

C 

U 

•u 

<L> 

(ü 

(U 

•u 

<Ü 

‘‘j  E 

c 

oo 

o 

LC  Ci 

lU 

p, 

oo 

CO 

CO 

CO 

oo 

LC  cS 

oo 

Lo  qj 

QJ 

3 

U-1h 

Uh 

3  C 

-o 

1— in 
Uh 

3 

3 

3 

3 

3 

3  C 

3 

3  -O 

"O 

cS 

o 

cS  o 

0 

o 

rt 

a 

rt 

ctS 

rt 

cS  o 

a 

Ci  O 

o 

^  '^X  X 


(N 

t|- 

(N 

OO 

CM 

fN 

tJ- 

O 

fN 

T-H 

T-H 

H 

z 

Csl 

o 

(N 

nO 

(N 

O 

o 

o 

o 

o 

(N 

o 

■sO 

(N 

O 

T-^ 

(N 

T-H 

*-> 

u 

'S 

8 


s 

Uj 


o 


aris 

;§ 

'O 

P 

'o 

;$ 

52 

eu 

«-> 

S 

rin 

s 

ö 

"C 

s 

S' 

o 

o 

c 

■| 

K 

«U> 

O 

■  S 

,Uj 

"»-H 

U-» 

’e 

s 

<o 

H-» 

52 

O 

S 

■| 

1 

•U 

N 

o 

<s 

Sn 

s 

Sylvi 

<SJ 

S 

03 

s: 

>T 

S 

So 

o 

52 

O 

N 

in 

o 

Cü 

C 

W 

c 

<0 

*-> 

’53 

— 

oJ 

•  S 

*§3 

'  3 

o 

-o 

c 

3 

rt 

hv 

ON 

D 

J 

O 

X 

H 

q: 

UJ 

CQ 

irT 

r\ 

ON 

cc 

Ui 

Z 

z 

O 


^  < 
V}  ^ 

faß  QJ 
C  Öß 
3 
u 
OJ 
M. 

:cTj 

Z 


<ü 

X> 

- 


C 

o 


a. 


Berthold:  Endogene  Steuerung 


475 


Mausern,  daß  sie  trotz  ausgefallener  Mausern  wie  das  Ergebnis  einer  weiterhin  wirken¬ 
den  circannualen  Rhythmik  erscheint. 

Ähnliche  Ergebnisse  liegen  für  eine  Mönchsgrasmücke  S.  atricapilla  und  für  das  Kör¬ 
pergewicht  der  Gartengrasmücke  vor  (Berthold  unveröffentlicht).  Diese  Daten  lassen 
schließen,  daß  die  circannuale  Periodik  dieser  Vögel  ohne  Zweifel  endogene,  also  vom 
Organismus  selbst  erregte  Schwingung  ist,  die  die  untersuchten  Vorgänge  wohl  lebens¬ 
lang  zu  steuern  vermag. 


Die  endogene  Steuerung  des  Zuges 

Der  Zug  ist  derjenige  jahresperiodische  Vorgang,  dessen  endogene  Steuerung  am 
eingehendsten  untersucht  wurde.  Die  endogene  Steuerung  des  Zuges  wurde  in  letzter 
Zeit  mehrfach  zusammenfassend  behandelt  (Berthold  1977  a,  1978,  Gwinner  1977  a), 
so  daß  hier  nur  die  wesentlichen  Ergebnisse  kurz  aufgeführt  zu  werden  brauchen. 

Spontaner  Körpergewichtsanstieg  in  der  Zugdisposition  und  spontaner  Gewichtsab¬ 
fall  durch  Depotfettbildung  bzw.  -abbau  bei  unter  konstanten  Bedingungen  aufgezoge¬ 
nen  Jungvögeln  sind  für  4  Arten  bekannt.  Für  dieselbe  Gruppe  von  Vögeln  sind  sponta¬ 
nes  Auftreten  und  Beendigung  der  Zugunruhe  zur  Zeit  des  ersten  Wegzugs  bei  6  Arten 
nachgewiesen.  Bei  3  bzw.  6  Arten  ist  erwiesen,  daß  Zugdisposition  und  Zugaktivität 
aufgrund  von  circannualer  Rhythmik  regelmäßig  wiederkehren  können  (Tab.  1).  Von 
4  Arten  ist  bekannt,  daß  an  der  Steuerung  der  Nahrungswahl  im  Jahresverlauf  (Art  der 
Nahrung  und  Menge  betreffend)  endogene  Faktoren  wesentlich  beteiligt  sind.  Für  eine 
Art  ist  —  durch  eine  Serie  von  Versuchen  —  belegt,  daß  die  zeitlichen  Muster  sowohl 
der  Zugdisposition  (Depotfettanlagerung)  als  auch  der  Zugunruhe  streng  endogen 
kontrolliert  werden.  Bei  mindestens  7  Arten  konnte  gezeigt  werden,  daß  Wahl  und/ 
oder  Beibehaltung  der  art-  oder  populationsspezifischen  Zugrichtung  angeboren  sind. 
Bei  einer  Art  ist  inzwischen  auch  nachgewiesen,  daß  selbst  Änderungen  der  Zugrich¬ 
tung  während  des  Zugs  endogen  programmiert  sein  können.  Für  eine  Art  ist  sicher,  daß 
populationsspezifische  Gharakteristika  sowohl  der  Jugendentwicklung  in  Anpassung  an 
das  Zugverhalten  als  auch  des  Zugverhaltens  selbst  endogen  gesteuert  werden  und 
offensichtlich  genetisch  fixiert  sind  (Berthold  1977  b).  Bei  2  Artengruppen  ließ  sich 
zeigen,  daß  die  endogen  produzierten  Zugunruhemengen  eng  positiv  mit  der  zurück¬ 
zulegenden  Zugstrecke  korreliert  sind.  Aus  diesen  Daten  wurde  abgeleitet,  daß  Zugvö¬ 
gel  art-  und  populationsspezifische  Winterquartiere  mit  Hilfe  angeborener  Zugrichtun¬ 
gen  und  endogener  Zugzeitprogramme  auffinden  könnten  (Vektor-Navigations- 
Hypothese). 


Die  endogene  Steuerung  der  Jahresperiodik  weniger  ausgeprägter  Zugvögel 

und  Standvögel 

In  der  Diskussion  um  Verbreitung  und  Bedeutung  der  circannualen  Periodik  wurde 
u.  a.  argumentiert,  sie  könnte  ein  Spezifikum  bestimmter  Gruppen,  zum  Beispiel  stark 
ausgeprägter  Zugvögel,  sein,  denen  komplizierte  und  besonders  präzise  Jahresperiodik 
abverlangt  wird  (z.  B.  Gwinner  1971,  Berthold  1974  a,  Farner  1975).  Um  diese  Vor¬ 
stellung  zu  testen,  untersuchten  wir  wenig  ausgeprägte  Zugvögel  und  Standvögel  auf 
circannuale  Rhythmik. 
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Drei  wenig  ausgeprägt  ziehende  Grasmückenarten  zeigten  circannuale  Periodik  der 
Mauser  und  der  Zugunruhe  (z.  B.  Berthold  1974  b  u.  Tab.  1).  Beim  Invasionsvogel 
Loxia  curvirostra  steuert  circannuale  Rhythmik  Körpergewichtsänderungen  (Berthold 
1977  c),  die  Mauser  (nachgewiesen  bei  bis  zu  4jähriger  Haltung,  mit  einer  durch¬ 
schnittlichen  Periode  von  10,6  Monaten,  n  =  5;  Berthold  unveröffentlicht  u.  Tab.  1) 
und  mindestens  zum  Teil  den  Gonadenzyklus:  Bei  einigen  d  wurden  bei  bis  zu  4jähri- 
ger  Haltung  circannualer  Rhythmen  der  Hodengröße  beobachtet,  bei  anderen  wieder¬ 
holte  spontane  Änderungen  der  Hodengröße  (Berthold  unveröffentlicht  u.  Tab.  (1). 
Parus  cristatus,  einer  der  ausgeprägtesten  Standvögel  in  seinem  gesamten  europäischen 
Verbreitungsgebiet,  zeigte  klare  circannuale  Rhythmik  der  Mauser  bei  allen  Vögeln 
einer  Versuchsgruppe  (Abb.  2,  durchschnittliche  Periode  10,4  Monate).  Beim  Standvo- 
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Abb.  2;  Circannuale  Mauserperio¬ 
dik  von  8  handaufgezogenen  Parus 
cristatus  (im  LD  10:14)  Zahlen : 
Nummern  der  Versuchsvögel; 
Pfeil:  Ende  des  Versuchs  (Bert¬ 
hold,  unveröffentlicht). 


gel  Passer  montanus  ließ  sich  circannuale  Rhythmik  der  Hodengröße  bei  zwei  d  nach- 
weisen  (Tab.  1).  Andere  d  und  auch  9  zeigten  bei  bis  zu  3jähriger  Haltung  in  kon¬ 
stanten  Bedingungen  mehrfach  spontane  Gonadengrößenänderungen  in  zum  Teil 
erheblichem  Umfang  (Berthold  unveröffentlicht). 

Die  Synchronisation  circannualer  Rhythmen 

Die  Periode  von  Jahresrhythmen  beträgt  unter  natürlichen  Bedingungen  —  zumin¬ 
dest  im  Mittel  —  häufig  genau  ein  Jahr,  wohingegen  die  solchen  Rhythmen  zugrunde¬ 
liegende  circannuale  Periodik  regelmäßig  mehr  oder  weniger  deutlich  von  12  Monaten 
abweicht.  Demnach  müssen  Umweltfaktoren  —  sogenannte  Zeitgeber  —  existieren, 
die  die  endogene  Periodik  mit  der  Umwelt  synchronisieren  (z.  B.  Aschofe  1960).  Aus 
der  Tatsache,  daß  bei  vielen  Vogelarten  Änderungen  der  Tageslichtdauer  den  stärksten 
bekannten  Einfluß  auf  die  Jahresperiodik  haben,  wurde  u.  a.  geschlossen,  daß  die  Pho¬ 
toperiodizität  wesentlichster  Zeitgeber  sein  müßte  (Übersicht:  z.  B.  Gwinner  1977b). 
Inzwischen  ist  bei  Vögeln  die  Zeitgeberfunktion  der  Photoperiodizität  in  drei  Fällen 
erwiesen:  Bei  Sturnus  vulgaris  konnte  Gwinner  (1977c)  zeigen,  daß  die  Photoperiode 
die  endogenen  Mauser-  und  Gonadenzyklen  synchronisiert,  und  zwar  auch  dann, 
wenn  fünf  Photoperiode-Zyklen  pro  Jahr  gegeben  werden  und  die  Zeitgeberperiode 
damit  nur  2,4  Monate  beträgt.  Sylvia  borin  und  melanocephala  folgten  mit  ihren  Mau¬ 
ser-  und  Zugunruhe-Zyklen,  wenn  zwei  Photoperiode-Zyklen  pro  Jahr  geboten  wur¬ 
den.  S.  borin  durchlief  in  dieser  Zeit  jedoch  nur  einen  Körpergewichtszyklus  (Bert¬ 
hold  unveröffentlicht). 
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Gwinner  (1977  c)  fand  bei  seinen  Untersuchungen  an  Sturnus  vulgaris,  daß  sich  mit 
abnehmender  Zeitgeberperiode  die  Phasenbeziehungen  zwischen  Mauser-  und  Gona¬ 
denrhythmik  sowie  der  Photoperiode  systematisch  änderten.  Diese  Festellung  stimmt 
überein  mit  Voraussagen  der  allgemeinen  Schwingungslehre  und  spricht  dafür,  daß  circ- 
annuale  Rhythmen  wie  Oszillatoren  im  technischen  Sinn  betrachtet  werden  können. 


Schlußbetrachtung 

Die  vorliegende  Übersicht  zeigt:  Circannuale  Rhythmen  sind  keine  Spezialmecha¬ 
nismen  einer  bestimmten  Vogelgruppe  oder  einiger  weniger  systematischer  oder  ökolo¬ 
gischer  Gruppen,  sondern  sind  vielmehr  in  einer  ganzen  Reihe  von  Familien  und  öko¬ 
logischen  Gruppen  —  vom  ausgeprägten  Zugvogel  über  Invasionsvögel  bis  hin  zum 
reinen  Standvogel  —  nachgewiesen.  Die  große  und  ständig  zunehmende  Anzahl  der 
Beinahe-Nachweise  circannualer  Rhythmen  sowie  weiterer  starker  Hinweise  darauf 
(z.  B.  Berthold  1974  a,  Gwinner  1975,  1976)  läßt  erwarten,  daß  sich  circannuale 
Periodik  als  wesentlich  weiterverbreitet  erweisen  wird  als  bisher  nachgewiesen  ist.  Ob 
sich  die  Ansicht  von  Murton  &  Westwood  (1977)  bestätigen  wird,  nach  der  wahr¬ 
scheinlich  die  meisten,  wenn  nicht  alle  Vogelarten  offenbar  autonome  Jahresrhythmen 
entwickeln,  wenn  sie  unter  entsprechenden  Lichtbedingungen  gehalten  werden,  ist 
offen.  Bei  einigen  Arten,  bei  denen  für  einzelne  jahresperiodische  Funktionen  bislang 
auch  bei  Nachsuche  in  verschiedenen  Bedingungen  keine  circannuale  Periodik  gefun¬ 
den  werden  konnte  (z.  B.  für  Gonadenzyklen  bei  Zonotrichia,  Sansum  &  King  1976, 
Mauserzyklen  bei  Passer  montanus,  Berthold  unveröffentlicht)  ist  vorläufig  nicht  zu 
entscheiden,  ob  die  genannten  Vorgänge  nicht  endogen  gesteuert  werden  oder  ob  bei 
diesen  Arten  bislang  nur  die  für  den  Nachweis  circannualer  Rhythmen  möglicherweise 
erforderlichen  speziellen  Bedingungen  (z.  B.  Schwab  1971,  Berthold  1974  a)  noch 
nicht  getestet  wurden.  Daß  manche  Arten  circannuale  Periodik  in  einem  weiten  Feld 
verschiedener  konstanter  photoperiodischer  Bedingungen  zeigen  (z.  B.  Sylviiden,  Bert¬ 
hold  1974  a),  andere  in  einer  Reihe  von  verschiedenen  konstanten  Bedingungen  kaum 
oder  gar  nicht  {Zonotrichia,  Passer,  l.c.)  spricht  u.  U.  für  die  Ansicht  einiger  Autoren, 
z.  B.  Farner  (1975):  daß  hinsichtlich  der  endogenen  und  exogenen  Steuerung  der  Jah¬ 
resperiodik  von  Vögeln  ein  Spektrum  von  Typen  bestehen  könnte,  die  im  einen  Extrem 
selbsterregte  Jahresperiodik  besitzen,  im  anderen  Steuersysteme,  die  nach  1—2  Zyklen 
ausdämpfen  und  von  außen  —  durch  die  Photoperiodizität  —  wieder  angestoßen  wer¬ 
den  müssen.  Ob  nur  bei  ersteren  innere  Jahreskalender  für  die  Steuerung  der  Jahrespe¬ 
riodik  so  wichtig  sind  wie  Umweltrhythmen  (Gwinner  1976)  und  welche  Rolle  endo¬ 
gene  Faktoren  bei  der  möglichen  zweiten  Gruppe  von  Vögeln  letztlich  spielen,  zum 
Beispiel  in  Form  von  „endogenen  circannualen  Perioden“  (Farner  1975),  ist  vorerst 
ebenfalls  nicht  zu  beurteilen.  Für  eine  zukünftige  allgemeinere  und  genauere  Beurtei¬ 
lung  des  Phänomens  der  endogenen  Steuerung  der  Jahresperiodik  halte  ich  drei  Vor¬ 
haben  für  besonders  erfolgversprechend:  Die  Untersuchung  weiterer  systematischer 
und  ökologischer  Gruppen  und  das  detaillierte  Studium  von  Arten  der  beiden  Enden 
des  vermuteten  Spektrums  unter  möglichst  vielen  verschiedenen  konstanten  Bedingun¬ 
gen. 
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The  Role  of  the  Pineal  Gland  in  the  Regulation  of  Annual  Reproductive 
Cycles  in  Birds  and  Mammals:  A  Comparative  Approach 

Fred  W.  Turek 

Introduction 

The  pineal  gland  is  involved  in  the  photoperiodic  control  of  the  reproductive  cycle  in 
many  mammals.  In  contrast,  there  is  very  little  evidence  to  suggest  that  the  pineal  gland 
plays  an  important  role  in  the  photoperiodic  control  of  reproduction  in  birds.  We  have 
sought  to  re-examine  the  role  of  the  avian  pineal  gland  in  photic-induced  changes  in 
neuroendocrine-gonadal  function  because  of  the  following  three  observations:  1)  Both 
pinealectomy  and  melatonin  treatment  interfere  with  circadian  rhythmicity  in  birds;  2) 
Photoperiodic  time  measurement  in  birds  involves  the  circadian  System;  3) 
Pmeal-mediated  effects  upon  the  mammalian  reproductive  System  are  influenced  by  the 
photoperiod  and  the  circadian  System.  Our  preliminary  data  suggest  that  the  pineal 
gland,  as  part  of  the  circadian  System  responsible  for  photoperiodic  time  measurement, 
may  be  involved  in  the  avian  photosexual  response. 

Pineal  gland:  Role  in  reproduction  and  circadian  Organization 

Pinealectomy,  or  treatment  with  the  putative  pineal  hormone  melatonin,  alters  the 
response  of  the  neuroendocrine-gonadal  axis  to  photoperiodic  information  in  a  num- 
ber  of  different  mammalian  species  (Hoffmann  &  Küderling,  1975;  Reiter  et  ah, 
1975;  Turek  et  ah,  1975;  Thorpe  &  Herbert,  1976).  Both  progonadal  and  antigonadal 
effects  of  pinealectomy  and  melatonin  administration  have  been  observed  in  mammals, 
and  one  factor  which  influences  the  response  to  such  treatment  appears  to  be  the  length 
of  the  day  (Hoffmann  &  Küderling,  1975;  Turek  &  Losee,  1978).  Furthermore,  the 
circadian  System  has  been  implicated  in  pineal-mediated  effects  on  the  reproductive 
System,  since  daily  melatonin  injections  were  found  to  inhibit  neuroendocrine-gonadal 
activity  in  the  golden  hamster  only  when  given  at  certain  times  of  the  day  (Tamarkin  et 
ah,  1976). 

While  previous  studies  indicate  that  the  effect  of  pinealectomy  or  melatonin  treat¬ 
ment  on  the  avian  photosexual  response  is  minimal  (Menaker  &  Oksche,  1974;  Turek 
&  WoLFSON,  1978),  such  treatment  does  lead  to  pronounced  changes  in  the  circadian 
rhythm  of  locomotor  activity  in  birds  (Gaston  &  Menaker,  1968).  In  house  sparrows 
maintained  in  constant  darkness,  pinealectomy  induces  arrhythmicity,  and  the  continu- 
ous  administration  of  melatonin  alters  the  free-running  period  of  the  activity  rhythm 
(ZiMMERMAN  &  Menaker,  1975;  Turek  et  ah,  1976).  It  is  important  to  note  that 
pineal-mediated  effects  on  the  circadian  Organization  of  birds  appear  to  be  minimal 
when  birds  are  maintained  under  Standard  laboratory  lighting  conditions  such  as  LD 
12:12  or  8:16  (Binkley  et  ah,  1971;  Hendel  &  Turek,  1978).  Previous  attempts  to 
examine  the  role  of  the  pineal  gland  in  the  avian  photosexual  response  have  involved 
birds  maintained  under  Standard  laboratory  conditions.  A  more  critical  test  of  the 
pineal  gland’s  role  in  avian  photoperiodism  would  be  to  examine  the  photoperiodic 
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response  during  exposure  to  lighting  conditions  that  require  an  intact  pineal  gland  for 
normal  entrainment  to  occur. 

Circadian  Organization  and  the  photoperiodic  control  of  reproduction 

It  is  now  firmly  established  that  an  endogenous  circadian  rhythm  is  somehow 
involved  in  photoperiodic  time  measurement  in  both  birds  and  mammals  (Hamner, 
1963;  Follett  &  Sharp,  1969;  Turek,  1972,  1974;  Elliott,  1976).  Although  the  exact 
nature  of  this  involvement  is  not  known,  one  hypothesis  (referred  to  as  the  external 
coincidence  model)  predicts  that  photoperiodic  induction  occurs  when  light  is  coinci- 
dent  (or  not  coincident)  with  an  underlying  circadian  rhythm  of  photosensitivity  to 
light  (Pittendrigh,  1972).  Because  of  the  theoretical  nature  of  this  rhythm,  the  circa¬ 
dian  rhythm  in  locomotor  activity  is  often  used  to  monitor  the  phase  relationship 
between  the  photosensitivity  rhythm  and  the  light  cycle. 

In  a  recent  study  using  light-dark  cycles  of  varying  periods  (T)  with  photophases  of 
a  fixed  3-hour  duration,  it  was  found  that  the  circadian  cycle  in  locomotor  activity  and 
the  photoperiodic  sensitivity  rhythm  appear  to  he  coupled  together  in  hiouse  Sparrows 
(Farner  et  ah,  1977).  The  phase-angle  difference  (4^)  between  the  locomotor  activity 
rhythm  and  the  environmental  light  cycle  was  observed  to  increase  as  a  function  of  T, 
and  furthermore,  as  T  was  increased  beyond  24  hours,  the  rate  of  testicular  growth 
increased  as  a  nonlinear  function  of  T.  Since  pinealectomized  House  Sparrows  show  a 
different  T  between  the  activity  rhythm  and  the  Zeitgeber  during  exposure  to  very 
short  days  (i.e.,  LD  3:21)  than  do  intact  birds  (Gaston,  1971),  we  sought  to  exploit  this 
difference  in  the  entrainment  pattem  between  pinealectomized  and  intact  birds  to 
determine  if  the  gonadal  response  during  exposure  to  LD  3:21  would  vary  between 
intact  and  pinealectomized  animals. 

Fourteen  photosensitive  House  Sparrows  captured  in  the  winter  of  1978  were  main- 
tained  on  LD  8:16  until  March  11.  The  birds  were  laparotomized  at  this  time,  and  all 
were  found  to  have  regressed  testes  (i.e.,  estimated  paired  testicular  weight  of  less  than 
15  mg.).  The  birds  were  then  either  pinealectomized  (Px),  or  sham-pinealectomized 
(Sham-Px),  and  moved  to  an  LD  3:21  light  cycle.  The  birds  were  housed  in  individual 


Hours  Hours 


Sham-Px  Px 


Figure  1.  Perch-hopping  activity  of  a  Sham-Px  and  a  Px  male  House  Sparrow  maintained  on  LD 
3:21  for  61  days.  Lights  on  =  j,  lights  off  =  f.  At  the  termination  of  the  experiment,  the  testes 
of  the  Sham-Px  bird  weighed  10  mg,  while  those  of  the  Px  bird  weighed  150  mg. 
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cages  and  perch-hopping  activity  was  recorded.  Sixty-one  days  later  ihe  birds  were  sac- 
rificed,  and  the  testes  were  removed  and  weighed. 

In  Support  of  previous  findings,  Px  birds  tended  to  entrain  to  LD  3:21  with  a  greater 
phase  lead  of  the  onset  of  light  than  in  intact  animals  (.10>  p>  .05).  Figure  1  shows 
the  entrainment  pattem  of  a  Px  and  a  Sham-Px  bird.  The  small  amount  of  activity 
observed  prior  to  the  onset  of  light  in  the  intact  bird  (Fig.  1)  might  suggest  that  the  true 
onset  of  activity  may  have  been  masked  by  the  inhibitory  effects  of  the  dark  period. 
Flowever,  the  gonadal  response  of  those  birds  showing  minimal  activity  prior  to  the 
onset  of  light  indicates  that  the  circadian  rhythm  involved  in  photoperiodic  time  meas- 
urement  was  also  in  a  different  phase  relationship  to  the  light  cycle.  Testicular  weight 
was  correlated  (r  =  .75)  with  the  phase  angle  between  the  onset  of  locomotor  activity 
and  the  onset  of  light  in  both  Sham-Px  and  Px  birds  (Fig.  2).  Light  falling  early  in  the 


1  2  3  4  5 

Phase  Angle  (Hours) 


Figure  2.  Paired  testicular  weight  of  individual 
Fiouse  Sparrows  as  a  function  of  the  phase 
angle  difference  between  the  onset  of  activity 
and  the  onset  of  the  light  during  exposure  to 
an  LD  3:21  light  cycle.  Px  birds  =  •;  Sham- 
Px  =  O  . 


subjective  day  did  not  induce  testicular  growth,  whereas  light  falling  later  in  the  day 
did  induce  growth.  These  results  are  consistent  with  the  hypothesis  that  the  phase  rela¬ 
tionship  between  the  light-dark  cycle  and  an  underlying  circadian  rhythm  of  sensitivity 
to  light  is  responsible  for  inducing  a  photoperiodic  response  in  birds  (Farner  et  ah, 
1977).  Interestingly,  light  falling  between  4  —  7  hours  after  the  onset  of  light  did  induce 
some  testicular  growth.  Whether  this  indicates  a  photosensitive  phase  that  falls  in  the 
middle  of  the  subjective  day  in  Fiouse  Sparrows  in  the  spring  of  the  year,  or  whether 
the  activity  rhythm  does  not  precisely  monitor  the  state  of  the  photosensitivity  rhythm 
remains  to  be  determined. 

Because  six  of  the  seven  Px  birds  had  larger  testes  than  four  of  the  five  Sham-Px 
birds,  the  differences  in  testicular  weight  were  found  to  be  significant  (p  =  .05)  using 
the  Mann-Whitney  U-test.  In  addition,  two  intact  birds  died  during  the  course  of  the 
study,  and  both  were  found  to  have  regressed  testes  at  autopsy.  While  these  data  sug¬ 
gest  that  pinealectomy  can  alter  the  entrainment  pattem  of  birds  to  certain  light-dark 
cycles  and  thereby  alter  the  photoperiodic  gonadal  response,  further  studies  involving  a 
larger  sample  of  birds  need  to  be  carried  out  to  verify  this  hypothesis. 

At  the  present  time  it  is  not  clear  why  the  effects  of  pinealectomy  on  circadian  Organ¬ 
ization  (and  possibly  reproductive  function)  are  only  manifest  in  birds  maintained  in 
DD  or  abnormally  short  light-dark  cycles  (Binkley  et  ah,  1971;  Gaston,  1971).  Past 
attempts  to  evaluate  the  effect  of  pinealectomy  have  been  limited  to  birds  maintained 


482 


SYMPOSIUM  ON  ANNUAL  RHYTHMS 


under  laboratory  lighting  conditions  ihat  have  a  very  abrupt  onset  and  offset  of  the 
light.  Aschoff  (1965)  bas  demonstrated  in  birds  that  twilight  plays  an  important  role  in 
establishing  the  phase  relationship  between  the  activity  rhythm  and  the  light-dark  cycle. 
Perhaps  a  more  critical  examination  of  the  function  of  the  pineal  gland  would  be  to 
assess  the  entrainment  and  reproductive  response  of  birds  exposed  to  natural  lighting 
conditions  which  involve  a  gradual  transition  from  day  to  night  and  night  to  day. 
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Aspects  of  Biorhythms  in  the  Budgerigar  Melopsittacus  undulatus  (Shaw), 

a  Parrot  of  Inland  Australia 

Edmund  Wyndham 
Introduction 

The  Budgerigar  has  been  cited  as  an  example  of  a  bird  adapted  to  live  in  the  arid  interior 
of  Australia  (Serventy,  1971).  Stress  has  been  placed  on  its  nomadic  movements;  the  need 
to  breed  quickly,  at  any  time  of  the  year  and  in  response  to  rainfall;  and  attention  has  been 
drawn  to  breeding  and  moult  occurring  at  the  same  time  (Immelmann,  1963;  Serventy, 
1971).  Thus  the  lack  of  rhythmicity  has  been  emphasised,  and  has  been  interpreted  as  an 
adaptation  to  lack  of  regulär  seasonal  rain  and  no  predictable  seasonal  abundances  of  food. 

Düring  a  five-year  field  study  of  Budgerigars  I  looked  at  lipid  deposition,  moult,  move¬ 
ments  and  breeding.  Data  on  lipids  and  moult  came  from  field  sites  in  inland  mid-eastern 
Australia  (Figure  1);  data  on  movements  and  breeding  came  from  these  sites,  a  question- 
naire  programme  that  covered  eastern  Australia,  and  literature  records  from  the  whole  con- 
tinent.  Rhythmic  aspects  of  these  findings  are  summarized  below;  details  are  given  in 
Wyndham  (1978). 


Background 

Budgerigars  ränge  throughout  the  interior  of  Australia  and  at  places,  in  particular  in  the 
mid-south  and  north-west,  their  ränge  extends  to  the  coast  (Wyndham,  1978).  Much  of 
their  ränge  is  arid  zone,  as  defined  by  Gibbs  (1969),  but  they  also  extend  into  better  wa- 
tered  regions,  in  particular  in  the  north  and  south.  Breeding  records  suggest  they  breed 
throughout  their  ränge  (Wyndham,  1978). 


Figure  1.  Continental 
Australia  divided  into 
bioclimatic  zones,  show- 
ing  sites  at  which  field 
studies  were  conducted. 
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In  Figure  1,  Australia  is  divided  into  bioclimatic  zones  (sensu  Ni>  &  Austin,  1973); 
characteristics  of  each  zone  are  summarized  in  Table  1.  These  zones  were  developed  from 
models  of  climatic  patterns  and  pasture  growth  developed  by  Fitzpatrick  &  Nin  (1970), 
Nr  &  Austin  (1973)  and  Ni\  (1976);  in  the  interior  the  importance  of  microtopography 
(see  Davies,  1968,  1975,  1976  a,  b,;  Mott,  1972,  1973,  1974)  is  taken  into  account.  It  is  as- 
sumed  that  there  are  sharp  boundaries  between  zones;  in  fact,  there  are  gradual  transitions 
from  one  zone  to  the  next. 

The  Budgengar’s  food  consists  entirely  of  seeds  of  ground  plants,  principally  of  grasses 
(Gramineae)  and  chenopods  (Chenopodiaceae).  There  are  no  special  dietary  requirements 
dunng  breeding. 


Table  1;  A  classification  of  the  Australian  environment  into  bioclimatic  zones.  (Eastern  and 
Western  zones  are  excluded;  these  are  largely  outside  the  ränge  of  Budgerigars.) 


Zone 

Characteristics 

Wet  northern 

Regular  growth  of  pastures  in  summer  and  autumn  in  response  to  mon- 
soonal  rains.  No  growth  in  winter  and  spring  due  to  lack  of  soll  moisture 
except  at  sites  of  unseasonal  winter  rain.  Temperatures  favourable  to 
growth  throughout  year.  For  birds,  during  a  year  heat  stress  exceeds  cold 

stress. 

Dry  northern 

Dominance  of  growth  in  summer  and  autumn  in  response  to  monsoonal 
rains;  some  growth  in  winter  and  spring  in  response  to  winter  rains.  Due  to 
variable  rainfall  growth  response  varies  between  years,  but  in  most  years 
there  is  seed  production  in  run-on  areas.  Temperatures  favourable  to 
growth  throughout  year.  Heat  and  cold  stress  of  about  the  same  magnitude. 

Dry  Southern 

Dominance  of  growth  in  spring  in  response  to  winter  rain;  some  growth  in 
summer  and  autumn  in  response  to  monsoonal  rain;  little  growth  in  winter 
due  to  low  temperatures.  Growth  response  varies  between  years  but  in 
most  years  there  is  seed  production  in  run-on  areas  in  spring,  summer  or 
autumn.  Cold  stress  exceeds  heat  stress. 

Wet  Southern 

Regular  growth  in  spring  and  early  summer  in  response  to  winter  rain;  a  lit¬ 
tle  irregulär  growth  in  late  summer  and  autumn  at  sites  of  aseasonal  rain;  no 
growth  in  winter  due  to  low  temperatures.  Cold  stress  greatly  exceeds  heat 

stress. 

Biorhythms 

In  adult  Budgerigars,  lipids  averaged  about  4%  live  weight  or  12%  dry  weight.  Birds 
maintained  relatively  constant  lipid  deposits  throughout  the  year  and  there  was  no  evidence 
of  an  annual  cycle  of  deposition  and  mobilisation;  in  particular  there  was  no  build-up  be- 
fore  movements. 

Similarly,  there  was  no  evidence  of  an  annual  cycle  of  moult.  Moult  occurred  during  the 
breeding  season  and  there  was  no  increase  in  intensity  of  moult  following  breeding.  In  an 
individual  a  complete  cycle  of  moult  took  six  to  eight  months.  A  second  cycle  often  started 
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before  completion  of  the  first,  thus  there  was  less  than  twelve  months  between  cycles.  In 
both  sexes,  birds  with  active  gonads  were  often  moulting. 

The  broad  pattem  of  movements  and  breeding  in  eastern  Australia,  as  emerged  from  the 
questionnaire  programme,  was  as  follows.  In  the  south  of  the  wet  Southern  zone 
Budgerigars  usually  arrived  in  September,  bred,  and  departed  again  in  late  December  and 
early  January.  At  other  times  of  the  year  transients  were  occasionally  seen  but  Budgerigars 
did  not  reside  for  long.  In  the  mid-east  of  the  wet  Southern  zone,  residence  was  not  as  reg¬ 
ulär  as  in  the  south  of  the  wet  Southern  zone.  Sometimes  Budgerigars  were  resident  and 
bred  between  October  and  December,  at  other  times  between  January  and  April,  and  at 
yet  other  times  from  October  to  May.  Birds  were  usually  absent  during  cold  months  and, 
if  present,  did  not  breed.  In  the  east  of  the  transition  from  the  dry  Southern  to  the  dry 
northern  zone,  residence  most  often  occurred  between  February  and  April,  sometimes  be¬ 
tween  October  and  December.  Breeding  occurred  in  the  hot  months,  mostly  between  Feb¬ 
ruary  and  May.  In  the  wet  northern  zone,  Budgerigars  resided  for  extended  periods.  At 
times  they  were  absent  from  specific  sites,  but  there  was  no  distinct  seasonal  pattem  of 
presence  and  absence.  In  the  mid-east  of  the  wet  northern  zone,  however,  there  was  a  ten- 
dency  for  reduced  numbers  or  absence  in  the  latter  half  of  the  year.  In  the  north,  breeding 
most  commonly  occurred  in  the  cold  months. 

Historical  records  from  the  western  half  of  the  continent  suggest  that  similar  north- 
south  trends  in  movements  and  breeding  also  occur  in  the  west,  but  this  requires  confirma- 
tion. 


Gonadal  cycles 

In  non-breeding  males  the  testes  were  small,  the  total  weight  averaging  0.008  ±  0.007  g 
(n=26).  During  breeding  both  testes  enlarged  greatly;  the  maximum  total  weight  recorded 
was  0.61  g.  In  non-breeding  females  ovaries  contained  undeveloped  follicles  of  average 
diameter  of  0.80  ±  0.2  mm  (n  =  168).  During  oogenesis  these  enlarged  to  a  maximum 
diameter  of  about  9  mm  before  Ovulation.  Oviducts  in  non-breeding  birds  averaged  0.006 
±  0.005  (n  =  25);  in  breeding  birds  the  largest  oviduct  sampled  weighed  1.59  g. 

Gonadal  cycles  at  Trielmon  are  shown  in  Figure  2.  In  1973  males  arrived  in  early  Feb¬ 
ruary  with  partially  enlarged  testes.  Further  enlargement  occurred  during  February,  then 
testes  regressed  during  March  and  by  April,  before  birds  departed,  testes  had  returned  to  a 
non-breeding  state.  In  1972,  as  in  1973,  testes  regressed  greatly  during  the  latter  stages  of 
breeding.  There  were  also  distinct  cycles  of  gonadal  activity  in  females.  In  1973,  on  arrival, 
females  had  slightly  enlarged  oocytes  and  small  oviducts;  in  April,  after  ovulation,  ovaries 
contained  undeveloped  follicles  and  oviducts  regressed  to  a  non-breeding  condition.  Simi- 
larly,  in  1972  oogenesis  ceased  after  breeding. 

At  Mokely  Creek,  Budgerigars  bred  (laid  eggs)  from  November  1973  to  March  1974, 
and  Started  breeding  again  in  September.  By  the  end  of  April  the  gonads  were  in  a  non- 
breeding  condition.  In  June  there  was  partial  recrudescence  of  testes  and  slight  enlargement 
of  follicles,  but  by  mid-july  the  gonads  had  again  regressed  to  a  non-breeding  state.  In 
May  and  July  no  breeding  behaviour  was  seen,  but  in  June  birds  courted  and  inspected 
nest-holes.  I  inspected  nest-holes  in  June  and  July  but  found  no  nests;  also  there  were  no 
juveniles  present  in  October. 
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Studies  of  caged  birds  have  failed  to  reveal  testicular  cycles  (Brockway,  1964  a;  van 
Tienhoven  et  ab,  1966),  and  Brockway  (1964  a)  proposes  that  in  the  field  males  maintain 
enlarged  testes  so  they  can  breed  quickly  when  the  environment  becomes  favourable.  My 
findings  showed  distinct  gonadal  cycles  in  both  sexes  and  in  non-breeding  birds  gonads  be- 
come  inactive.  In  the  field,  in  non-breeding  birds,  testes  were  smaller  than  the  minimal 
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Figure  2.  Reproductive 
cycles  of  adults  at  Triel- 
mon,  showing  total 
weight  of  testes,  diameter 
of  largest  follicle,  weight 
of  oviduct,  and  daily  rain¬ 
fall  recorded  1  km  from 
site.  Mean,  95%  confi- 
dence  limit  for  mean  and 
sample  size  are  given. 
Also  shown  is  the  breed- 
ing  cycle  of  the  popula- 
tion. 


sizes  in  caged  birds  reported  by  Ficken  et  al.  (1960)  and  Brockway  (1964  b);  thus  it  ap- 
pears  that  caged  birds  retain  some  testicular  activity  at  all  times.  In  caged  females  that  are 
isolated  from  male  vocalisations  ovarian  follicles  regress  to  slightly  less  than  1.0  mm 
diameter  (Brockway,  1964  b).  This  is  comparable  to  follicles  of  non-breeding  females  in 
the  field. 
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Control  of  rhythms 

Currently  it  is  believed  that  in  birds  annual  cyclic  events  (lipid  balance,  moult,  move- 
ments  and  breeding)  are  linked  and  coordinated  in  a  core  control  System  (Farner,  1967; 
Weise,  1974).  External  Information  acts  on  this  control  System  so  that  cyclic  events  occur 
at  a  suitable  time,  e.g.  when  food  is  abundant  and/or  the  climate  benign.  Below  I  discuss 
external  Information  that  in  Budgerigars  may  control  the  timing  of  movements  and  breed¬ 
ing. 

A  proposed  System  of  control  should  explain  the  following  facts.  Budgerigars  breed  in 
cages  and  caged  males  retain  some  enlargement  of  testes  at  all  times.  In  the  field 
Budgerigars  have  distinct  gonadal  cycles  and,  when  not  breeding,  gonads  regress  greatly. 
In  the  far  south  of  the  continent  movements  are  strongly  seasonal,  but  in  mid-latitudes  and 
in  the  north  birds  may  display  seasonal  movements  or  be  resident  for  long  periods.  In  the 
far  South  breeding  is  strongly  seasonal  and  occurs  in  spring;  in  mid-latitudes  breeding  may 
occur  in  spring,  summer  or  autumn  but  not  in  winter;  and  in  the  north  breeding  mostly  oc¬ 
curs  in  winter. 


Photoperiod 

This  is  generally  thought  to  be  unimportant  as  external  Information  in  Australian  arid 
Zone  birds,  as  good  seasons,  movements  and  breeding  occur  irregularly  (Farner,  1967; 
Immelmann,  1971;  Serventy,  1971;  Weise,  1974).  In  the  Budgerigar,  at  places  there  is 
some  regularity  in  movements  and  breeding,  thus  photoperiodic  control  may  be  involved. 
Experiments  suggest  that  there  is  no  photoperiodic  control  of  spermatogenic  cycles  (Vau- 
GiEN,  1952,  1953;  Marshall  &  Serventy,  1958;  Pohl-Apel  &  Sossinka,  1975);  how- 
ever,  short  days  (less  than  12  h  light)  may  inhibit  laying  by  females  (Putman  &  Hinde, 
1973;  Shellswell  et  ah,  1975;  Gosney  &  FIinde,  1976). 

Düring  winter  in  the  Southern  parts  of  their  ränge  Budgerigars  experience  short  day- 
lengths:  at  35°  S  the  shortest  day  is  9  h  48  min.  These  short  days  may  inhibit  laying  by 
females.  In  the  north  the  shortening  of  days  is  not  as  great  (at  20°  S  the  shortest  day  is  10  h 
55  min)  so  photoperiodic  inhibition  of  laying  may  not  occur  to  the  same  extent. 

While  partial  photoperiodic  control  of  annual  rhythms  is  thus  feasible,  the  flexibility  and 
variability  in  timing  of  breeding  and  movements  in  mid-latitudes  suggests  other  factors  are 
also  involved. 


Rainfall  and  water 

Rainfall  and/or  its  effects  are  commonly  thought  to  be  important  in  control  of  breeding 
in  Australian  arid  zone  birds  (Farner,  1967;  Immelmann,  1971;  Serventy,  1971;  Weise, 
1974).  Immelmann  (1963)  reports  that  a  pair  of  Budgerigars  started  courting  shortly  after  a 
heavy  fall  of  rain. 

For  rain  to  act  as  a  suitable  Stimulus  to  breeding  it  must  precede  a  period  of  abundant 
food.  This  will  occur  when  temperatures  are  favourable  and  the  rain  is  sufficient  to  cause 
seeding  in  perennials,  and  germination  and  seeding  in  annuals.  Flowever,  after  such  rain  for 
between  one  and  two  months  food  is  relatively  scarce,  as  seeds  in  the  soil  are  germinating 
and  a  new  crop  has  not  set.  On  occasions  when  the  rain  is  not  sufficient  for  production  of  a 
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new  crop  of  seeds,  or  when  temperatures  inhibit  plant  growth,  the  rain  will  not  precede  a 
period  of  abundance  of  food.  In  the  south  during  cold  months  rainfall  builds  up  soll  mois- 
ture  and  later,  as  the  soll  warms  up,  plants  respond.  Budgerigars  could  arrive  in  the  south 
at  a  time  when  it  was  suitable  for  breeding  but  not  receive  a  Stimulus  from  falling  rain. 

Rain  feil  in  the  month  before  and/or  during  laymg  at  Tnelmon  in  February  1972  and 
1973  (Figure  2)  and  at  Mokely  Creek  in  November  1973,  February  and  October  1974. 
However,  at  Trielmon  in  1973  there  was  good  rain  during  April  yet  the  birds  left  the  area. 
Agam,  at  Mokely  Creek  in  1974  there  was  good  rain  m  April  and  May;  gonads  developed 
in  June  but  no  birds  bred. 

There  are  no  reports  that  ramfall  is  a  breeding  requirement  for  caged  birds.  The  fact  that 
this  bas  not  been  reported,  despite  extensive  breeding  in  cages,  is  evidence  against  rain  be- 
ing  important. 

Thus  it  is  unlikely  that  falling  rain  alone  Controls  breeding.  Farner  &  Serventy  (1960) 
and  Farner  (1967)  propose  that  m  the  Zebra  ¥inch  Po ephila  guttata  testes  are  maintained 
in  an  active  state  unless  inhibited  by  a  shortage  of  drinking  water.  Over  much  of  eastern  in- 
land  Austraba  there  are  numerous  man-made  permanent  and  semi-permanent  waters  in 
tanks,  dams  and  bore  drains,  thus  at  all  times,  except  for  extreme  droughts,  there  are  many 
sites  with  ample  drinkmg  water.  On  two  occasions  I  found  Budgerigars  with  testes  of  min¬ 
imal  size  when  there  was  ample  drinking  water  in  bore  drains.  At  Trielmon  in  1972  and 
1973  testes  regressed  from  an  active  state  while  water  remained  constantly  present  in  a 
ground  tank;  at  Mikely  Creek  testes  cycled  while  water  remained  constantly  present  in  a 
creek.  Thus,  availability  of  drinking  water  does  not  appear  responsible  for  the  cycles  ob- 
served  during  this  study. 


Temperature 

Serventy  &  Marshall  (1957)  propose  that  rain  provides  the  initial  Stimulus  for  breed¬ 
ing,  but  breeding  is  inhibited  by  low  temperatures.  This  explains  adequately  the  partial  re- 
crudescence  of  gonads,  but  the  failure  of  breeding  to  occur,  at  Mokely  Creek  in  June  1974. 
It  is  thus  possible  that  there  is  a  threshold  temperature  below  which  breeding  does  not  oc¬ 
cur.  In  the  south  of  the  continent  temperatures  may  drop  below  this  threshold  in  cold 
months  but  in  the  north  remain  above  it  all  the  year. 


Food  and  Nutrition 

Jones  &  Ward  (1976)  show  that  in  the  Quelea  Quelea  quelea  breeding  is  closely  linked 
to  protein  and  lipid  balances.  They  propose  that  breeding  occurs  when  there  are  sufficient 
protein  reserves,  and  terminates  when  reserves  become  depleted.  In  the  Budgerigar,  annual 
cyclic  events  may  be  controlled  by  their  nutritional  balance.  This  will  depend  on  the  supply 
of  seeds,  the  time  available  to  forage,  and  energy  demands  of  the  body. 

When  an  abundance  of  food  occurs  it  may  be  of  extended  duration.  Seeds  first  become 
available  on  plants  and  then,  after  being  shed,  remain  available  in  the  soil.  As  the  phenol- 
ogy  of  plants  differs,  there  may  be  sequential  peaks  of  abundance,  and  as  one  species  be- 
comes  scarce  Budgerigars  may  switch  to  another  that  is  becoming  abundant.  When  a  good 
crop  of  seed  occurs,  it  should  last  sufficiently  long  for  birds  to  commence  breeding  as  food 
becomes  plentiful  and  fledge  their  young  before  the  abundance  declines. 
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The  broad  pattem  of  movements  and  breeding  fits  with  the  seasonal  nutntional  balance 
for  each  bioclimatic  zone,  as  predicted  front  the  Information  in  Table  1.  In  the  north, 
growth  in  summer  and  autumn  produces  abundant  seed  in  autumn  and  winter,  but  unless 
there  is  unseasonal  rain,  shortages  may  occur  in  late  spring  and  early  summer.  Düring 
winter  the  energy  demands  of  thermoregulation  are  low.  In  the  far  south,  growth  in  spring 
produces  abundant  seed  in  late  spring  and  early  summer.  Throughout  the  south  of  the  con- 
tinent  in  winter  days  are  short  and  temperatures  are  low,  thus  plant  growth  is  inhibited  and 
the  energy  demands  of  thermoregulation  are  high. 

Caged  birds  are  usually  kept  in  mild  temperatures  and  supplied  with  food  ad  libitum; 
this  may  account  for  their  maintaining  some  testicular  enlargement  at  all  times. 

In  conclusion,  no  definite  Statements  can  be  made  on  what  external  information  is  used 
by  the  core  control  System  of  Budgerigars.  Control  by  rainfall  or  availability  of  drinking 
water  does  not  satisfactorily  explain  my  field  observations;  also,  from  theroretical  consid- 
erations,  rainfall  is  unlikely  to  be  a  dominant  factor  in  control.  Photoperiod  and  tempera- 
ture  may  act  on  the  control  System  directly;  alternatively  they  may  affect  the  food  supply 
and  nutritional  balance.  The  relationship  between  nutritional  balance  and  breeding  needs 
further  investigation. 
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Breeding  periodicity  in  birds  is  ultimately  controlled  by  those  environmental  factors,  or 
combination  of  factors,  which  affect  the  survival  of  the  offspring.  The  time-span  for  suc- 
cessful  breeding  can  be  very  short  or  long,  and  can  recur  periodically  or  sporadically,  ac- 
cording  to  the  climate  and  related  ecological  conditions  of  the  area  to  which  the  population 
is  adapted  (for  review,  see  Immelmann,  1971).  Outside  the  breeding  period,  the  gonads  of 
the  birds  are  in  a  quiescent  state  for  energy-conservation. 

The  process  of  gonadal  recrudescence  and  activation  of  those  parts  of  the  organisms, 
which  take  part  in  reproduction  directly  or  indirectly,  is  governed  by  the  hypothalamus- 
hypophyseal  axis,  which  Controls  the  release  of  gonadotropins.  The  gonadotropins  induce 
gonadal  growth,  maturation  of  germ  cells  and  production  of  sexual  hormones.  Sexual  (and 
partly  gonadotropic)  hormones  are  directly  or  indirectly  responsihle  for  phenomena  such 
as  bill  and  feather  pigmentation,  moult,  and  the  appearance  of  sexual  behaviour  patterns. 

This  process  of  sexual  maturation  is  the  same  in  adult  birds  with  quiescent  gonads  after  a 
non-breeding  period  and  in  young  birds  with  quiescent  gonads  before  their  first  breeding 
period.  With  very  few  exceptions,  all  passerine  birds  attempt  to  breed  in  their  first  year  of 
life.  The  exact  time  when  they  initially  reproduce  differs  from  species  to  species  and  ranges 
from  10  to  as  much  as  40  weeks  of  age.  One  would  expect  natural  selection  to  result  in  pre- 
cocity,  because  those  genes  which  promote  the  fastest  rate  of  reproduction  will  tend  to  ac- 
cumulate  in  the  gene  pool.  This  tendency  may  be  limited  by  other  processes  that  require  a 
large  amount  energy,  such  as  growth  of  bones,  muscles,  or  feathers  in  the  young.  If  sexual 
maturation  is  too  show,  on  the  other  hand,  there  is  a  risk  of  missing  the  season  when  the 
ultimate  factors  are  present. 

In  Order  to  investigate  possible  differences  in  the  temporal  pattem  of  sexual  maturation, 
we  analyzed  the  maturation  of  primary  and  secondary  sex  characters  in  young  males  of  dif¬ 
ferent  species  of  the  family  Estrildidae.  Within  this  well  defined  family,  the  development  of 
the  nestlings  and  the  growth  of  the  fledglings  are  rather  uniform  (Sossinka,  1978).  So,  dif¬ 
ferences  in  the  age  of  puberty  should  be  due  to  the  ultimate  control  of  breeding  periods  in 
those  climate  zones,  from  which  the  birds  are  derived,  and  should  thereby  reflect  species- 
or  population-specific  adaptation  to  climatic  conditions. 

Materials  and  methods 

All  birds  investigated  were  bred  in  captivity.  The  strains  used  were  not  or  only  slightly 
domesticated.  The  effect  of  domestication  on  sexual  maturation  was  studied  in  detail  in  the 
Zebra  Finch,  the  species  which  is  thought  to  have  been  domesticated  for  the  longest  period. 
Only  small  and  mostly  insignificant  differences  could  be  found  (Sossinka,  1970). 

The  birds  were  bred  in  indoor  or  heated  outdoor  aviaries,  in  long-day  conditions  (light 
06.00  to  20.00,  in  summer  time  additional  day  light:  Bielefeld  52°02'  N,  8°30'  E).  The 
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young  were  removed  from  their  parents  at  about  35  days  of  age  and  kept  in  heterosexual 
groups  in  cages  on  the  same  light  regime  as  above,  at  21-24°  C  and  50-75%  humidity. 
They  were  fed  a  diet  of  mixed  seeds  and  millets,  sprouted  millets,  multi-vitamin  emulsion 
in  the  water  and  additional  food  (beetle-larva,  egg-food)  as  much  as  necessary.  At  regulär 
intervals  body  measurements  and  moult  were  recorded,  and  the  gonadal  size  was  measured 
by  laparotomy.  The  volume  was  calculated  from  the  length  and  the  width  of  the  left  testis 
as  measured  with  a  surgical  microscope,  and  is  expressed  as  the  logarithm  base  10  of  the 
mm  .10  ,  with  error  around  ±  2%.  Repeated  laparotomy  produced  no  noticeable  effect 
on  sexual  maturation,  as  comparison  with  control  birds  showed. 

Three  different  types  of  climate  zones  of  the  Tropics  were  chosen,  and  some  of  the  Es- 
trildid  species  of  each  zone  were  investigated.  Type  A  comprises  areas  with  only  slight  sea¬ 
sonal  changes,  for  example  the  edge  of  the  tropical  forest,  bordering  the  savannah.  Type  B 
comprises  areas  with  pronounced  seasonal  changes,  near  or  even  outside  the  tropic,  with 
monsoon  or  mediterranean  climate.  Type  C  comprises  semi-arid  to  and  areas,  charac- 
terisized  by  erratic  ramfall.  For  each  type,  species  from  different  parts  of  the  world  were 
investigated,  belongmg  to  either  the  Ethiopian,  Oriental,  or  Austrahan-Papuan  Region. 
The  species  investigated  and  their  distribution  are  as  follows. 

CI  imate  type  A 

1.  Lagonosticta  senegala  (Fire  Finch):  Most  parts  of  Mid-Africa  (believed  to  live  in  the  an- 
cestral  habitat  of  the  family). 

2.  Lonchura  (=  Lepidopygia)  nana  (Madagascar  Mannikin):  Madagascar. 

3.  Erythrura  psittacea  (Red-headed  Parrot  Finch):  New  Caledonia. 

Climate  type  B 

4.  Lonchura  p.  punctulata  (Indian  Spiee  Finch):  India. 

5.  Emhlema  guttata  (Diamond  Firetail):  Southeastern  Australia 

CI  imate  type  C 

6.  Poephila  g.  castanotis  (Zebra  Finch):  Nearly  all  parts  of  Australia,  especially  the  in- 
terior. 

7.  Amadina  erythrocephala  (Red-headed  Finch):  Interior  of  Southern  Africa. 

(In  some  of  the  species  (2,  5,  7),  only  preliminary  data  from  a  small  number  of  birds  are  av- 
ailable.) 


Results 

In  all  species  investigated,  growth  of  the  young  and  sexual  maturation  are  of  the  same 
general  pattem,  but  there  are  pronounced  temporal  differences  in  the  age  when  sexual 
maturity  is  attained.  Body  growth  and  the  moult  of  the  juvenile  coloured  feathers  are  com- 
plete  at  25  to  30  days  of  age  and  independence  is  attained  at  30  to  35  days  of  age. 

Testicular  growth  ceases  in  all  species  around  the  age  of  fledging  (18-21  days).  The 
gonads  then  rest  in  a  state  comparable  to  that  of  the  quiescent  gonads  of  adult  songbirds 
outside  the  breeding  period.  Histological  examination  indicates  stage  2  to  3  (according  to 
Blanchard,  1941)  which  is  the  same  as  in  photo-sensitive  birds  during  the  refractory 
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Figures  1-5.  Relationship  between  testis  volume  and  age  in  seven  Estrildid  finches.  1,  Lagonosticta 
senegala:  sample  sizes  11,  3,  18,  13,  10,  11,  9,  7,  8.  2,  Erythrura  psittacea:  sample  sizes  16,  12,  16, 

16,  18,  12,  9.  3,  Lonchura  p.  punctulata:  sample  sizes  10,  36,  17,  13,  34,28,22,  12,  15,  7.  4,  Poephila 
g.  castanotis:  sample  sizes  8,  9,  23,  12,  24,  13,  10,  14,  21,  28,  22,  37,  16,  16,  13.  5  a,  Lonchura  (  = 
Lepidopygia)  nana.  5  b,  Emblema  guttata.  5  c,  Amadina  erythrocephala. 

Conventions:  broad  bars  crossed  by  vertical  lines  =  mean  per  sample  ±  Standard  deviation;  single  dots 
=  maxima  or  minima  per  sample;  grey  area  =  means  with  Standard  deviation  in  Lagonosticta  senegala 
for  comparison;  shifted  along  Ordinate  in  proportion  to  body  weight;  open  circles  =  preliminary  data 
points;  d  =  age  in  days;  ad  =  adult;  ly  =  one  year;  ny  =  several  years;  me  =  medium  slope;  max  = 
maximal  slope;  dotted  line  =  slope  in  Lagonosticta  senegala  for  comparison. 
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period  (Marshall,  1952).  The  onset  of  subsequent  gonadal  growth,  however,  is  very  dif¬ 
ferent  among  the  species  of  the  different  climate  types,  and  the  rate  of  development,  as  in- 
dicated  by  the  slope  of  the  loganthmic  growth,  also  differs.  The  growth-curves  of  testis 
volume,  which  are  very  well  correlated  with  the  stages  of  spermatogenesis  (see  Sossinka, 
1974),  are  shown  in  Figures  1  to  5  in  detail. 

Three  different  temporal  patterns  can  be  discerned: 

1.  A  fairly  rapid  rate  of  maturation,  leading  to  sexual  maturity  at  around  4  months  of  age, 
after  a  period  of  growth  starting  at  less  than  two  months.  This  is  typical  for  Lagonosticta 
senegala,  Erythrura  psittacea  and  Lonchura  nana,  which  are  all  from  climate  type  A. 
There  is  some  inter-individual  Variation  in  testis  growth  (most  pronounced  in  Erythrura 
psittacea),  which  makes  the  mean  slope  less  steep  than  the  slopes  for  individual  birds. 
(Data  from  birds  with  no  change  in  volume  because  they  have  not  begun  development 
or  have  already  reached  adult  size  are  combined  with  data  from  birds  with  gonads  actu- 
ally  undergoing  development.) 

2.  A  slow  rate  of  maturation  with  recommencement  of  gonadal  development  starting  after 
2‘/2  months  of  age  and  in  some  birds  not  before  4  or  5  months.  Most  birds  attain  sexual 
maturity  at  6  to  9  months  of  age,  although  a  few  individuals  mature  at  4  to  5  months. 
There  is  pronounced  individual  variability.  The  mean  as  well  as  the  maximal  slope  is 
smaller  than  in  pattem  1.  Examples:  Lonchura  p.  punctulata,  and  -  at  least  in  its  ten- 
dency  —  Emblema  guttata;  both  climate  type  B. 

3.  An  extremely  rapid  rate  of  maturation,  with  only  a  short  period  of  quiescence.  Sexual 
maturity  is  attained  at  2  to  1%  months  of  age.  Small  individual  variability.  The  mean 
slope  is  much  steeper  than  in  pattem  1.  Examples:  Poephila  g.  castanotis  Amadina 
erythrocephala;  both  climate  type  C. 

The  moult  into  the  adult-coloured  body  feathers  Starts  in  all  species  shortly  before  the 
recommencement  of  gonadal  development  and  in  general  is  nearly  finished  before  the  end 
of  testis  growth.  Usually,  there  is  a  short  phase  of  very  heavy  moult,  which  in  birds  of  pat¬ 
tem  3  coincides  with  gonadal  increase,  whereas  in  birds  of  pattem  2  these  processes  exclude 
one  another. 


Discussion 

Pronounced  differences  in  the  temporal  patterns  of  sexual  maturation  have  evolved  in  the 
more  or  less  closely  related  species  investigated.  As  species  living  in  the  same  type  of  cli¬ 
mate  exhibit  similar  patterns,  the  patterning  is  due  primarily  to  the  climate-dependent  ul- 
timate  control  of  the  breeding  period.  The  fairly  rapid  rate  of  maturation  (pattem  1)  occurs 
in  areas  where  breeding  is  restricted  for  only  short  periods  in  the  course  of  the  year. 
Gonadal  growth  is  not  as  rapid  as  in  pattem  3,  because  there  is  no  special  selection  pressure 
towards  precocity  and  there  is  another  growth-process  requiring  energy:  the  moult  from 
the  cryptically  coloured  juvenile  plumage  to  the  releaser-emitting  adult  plumage  (which  is 
necessary  for  successful  pair-bonding  -  compare  Nicolai,  1968  -  and  therefore  should 
take  place  before  maturity).  The  extremely  rapid  rate  of  maturation  (pattem  3)  in  arid  areas 
with  erratic  rain,  which  subjects  the  birds  to  the  energetic  load  of  simultaneous  moult  and 
gonadal  growth,  is  caused  by  the  irregularity  of  the  rainfall  which  is  responsible  for  the  ap- 
pearance  of  the  ultimate  factors.  All  males,  including  young  of  the  year,  have  to  be  pre- 
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pared  to  begin  breeding  at  any  time  of  the  year,  and  young  males  should  attempt  to  breed 
as  early  as  possible,  even  in  the  same  vegetation-period  in  which  they  were  hatched  (see 
Immelmann,  1962;  Serventy,  1971;  Sossinka,  1974).  This  risk  of  energetic  overload  can 
be  avoided  with  a  slow  rate  of  maturation  (pattem  2)  in  climate  zones  where  because  of 
regulär  and  pronounced  seasonal  changes  the  next  breeding  will  not  take  place  until  9 
months  later.  Moult  and  gonadal  growth  proceed  slowly  and  alternately. 

The  very  high  individual  variability  in  the  annually  breeding  species  with  pattem  2  indi- 
cates  the  lack  of  some  external  synchronizing  factor  under  constant  laboratory  conditions. 
In  India,  gonadal  development  in  free-living  Lonchura  p.  punctulata  is  very  uniform  (Tha 
PLiYAL  &  Phandha,  1965).  In  the  species  with  pattem  3,  the  Start  of  gonadal  maturation  is 
exclusively  internally  programmed.  In  these  opportunistic  breeders  no  external  factor  can 
be  used  as  a  proximate  factor  to  predict  the  irregulär  occurrence  of  ultimate  factors.  Simi- 
larly,  a  strong  endogenous  factor  is  responsible  for  gonadal  growth  in  the  species  breeding 
throughout  most  of  the  year  according  to  pattem  1.  But,  as  the  moderate  amount  of  varia¬ 
bility  in  Lagonosticta  senegala  indicates,  some  additional  external  factors  may  be  acting.  In 
Africa,  climatic  and  dietary  factors  can  retard  maturation  and  thereby  prevent  those  young 
from  becoming  sexually  mature  (and  breeding  in  the  unfavourable  season),  which  were 
born  some  time  before  the  disappearance  of  the  ultimate  factors  (Morel,  1969).  In  Eryt- 
hrura  psittacea  a  very  high  variability  indicates  the  important  role  for  external  regulation. 
This  is  probably  a  relict  character  of  the  grass-eating  ancestors  of  this  genus  (see  Ziswiler, 
1972),  which  lived  in  zones  with  a  more  restricted  breeding  period. 

In  general,  temporal  patterning  of  sexual  maturation  is  highly  adaptive.  Similar  patterns 
have  evolved  convergently  in  different  parts  of  the  world,  and  they  are  probably  not  reh- 
able  indicators  of  taxonomic  affinities. 
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Autumn  Landbird  Migration  over  the  Western  Atlantic  Ocean 

as  Evident  from  Radar 

W.  John  Richardson 
Introduction 

Most  landbirds  in  easternmost  North  America  migrate  Southwest  parallel  to  the  coast 
during  autumn,  but  some  move  SE-SSW  offshore  (Drury  &  Nisbet,  1964;  Richardson, 
1972).  Some  of  the  latter  change  course  and  return  NW  to  land  (Baird  &  Nisbet,  1960, 
Murray,  1976;  Richardson,  in  press),  and  others  become  exhausted  and  apparently 
perish  at  sea  (Scholander,  1955).  However,  some  are  still  aloft  2000  km  from  shore 
(Penard,  1926;  Williams  et  ah,  1977b),  and  some  fly  to  Bermuda  (Wingate,  1973)  or 
even  Europe  (Sharrock,  1974).  Radars  on  Bermuda,  the  West  Indies  and  ships  have 
recently  shown  that  many  landbirds  fly  non-stop  from  SE  Canada  and  NE  U.S.A.  to  the 
West  Indies  (2550-3300  km),  and  perhaps  even  South  America  (a  further  800  km).  The 
Blackpoll  Warbler  Dewi/rofcÄ  striata  seems  to  be  a  major  user  of  this  route  (Nisbet,  1970). 

I  present  here  new  data  about  offshore  departures  from  Nova  Scotia,  Canada,  and  then 
summarize  evidence  concerning  landbirds  over  the  western  Atlantic  in  fall.  Spring 
migration  and  autumn  shorebird  migration  in  this  area  are  reviewed  in  Richardson  (1974, 
1979),  and  southeast  flights  from  Florida  along  the  West  Indies  are  described  by 
Richardson  (1976)  and  Williams  et  al.  (1977a,  b). 

Southward  departure  from  Nova  Scotia 

One  or  more  of  three  surveillance  radar  sites  m  Nova  Scotia  and  one  m  New  Brunswick 
were  used  in  1965  and  1969-71  (Fig.  1;  for  methods,  see  Richardson,  1972,  1979,  in 
press).  The  most  reliable  data  were  from  Barrington,  N.S.,  in  1971  and  Sydney,  N.S.,  m 
1965,  but  landbird  flights  were  always  difficult  to  study.  Available  data  are  usually 
incomplete  and/or  qualitative  because  of  (1)  limited  abilities  of  the  radars  for  resolving 
echoes  from  passerines,  (2)  occasional  equipment  malfunctions,  and  (3)  the  fact  that 
landbirds  often  flew  in  all  directions  between  SE  and  WSW,  but  with  modes  SSE-S  and 
SSW- WSW.  Because  of  (3),  I  often  could  estimate  modal  directions,  but  could  not  assign 
all  individual  echoes  to  one  or  the  other  group,  and  so  could  not  calculate  the  mean  or 
dispersion  of  directions  of  the  SSE-S  group. 

Unequivocal  southward  landbird  departures  of  at  least  moderately  high  density  (5  on  a 
0-8  ordinal  scale)  were  recorded  from  Barrington  as  early  as  29  and  31  Aug.  (1971)  and  as 
late  as  27  and  29  Oct.  (also  1971).  Relative  frequencies  and  densities  in  various  parts  of  this 
period  are  uncertain,  but  the  31  Aug.  1971  flight  was  a  major  migration  (density  7  on  the 
0-8  scale),  and  density  5  or  6  flights  were  frequent  from  mid-Sept.  to  late  Oct.  The  densest 
SSE-S  and  SW  flights  appeared  similar  in  density,  but  dense  SW  flights  were  much  more 
common  (Richardson,  1971). 

Broad-front  SSE-S  departures  were  recorded  by  all  three  Nova  Scotian  radars,  but  high 
densities  (6  or  7)  were  not  recorded  over  eastern  Nova  Scotia.  Migrants  appeared  20-30 
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min  after  sunset  over  all  land  areas  of  Nova  Scotia  within  radar  range-not  just  from  Coastal 
areas.  All  of  western  Nova  Scotia  was  sometimes  outlined  on  the  Barrington  radar  display 
just  after  these  birds  took  off.  Sometimes  birds  from  Southern  New  Brunswick  and  eastern 
Maine  also  departed  SSE-S.  For  example,  on  31  Aug.  and  30  Sept.  1971,  the  density  over 
Western  Nova  Scotia  declined  briefly  about  \-^l i  h  after  sunset  as  birds  from  Nova  Scotia 
moved  offshore,  but  then  increased  as  others  from  north  of  the  Bay  of  Fundy  moved  into 
ränge  over  western  Nova  Scotia  and  the  Gulf  of  Maine.  The  density  of  southward  flight 
over  Western  Nova  Scotia  usually  decreased  markedly  by  midnight.  This,  together  with  the 
measured  mean  ground  speed  of  51.6  km/h  (n=126  echoes  on  9  nights),  indicates  that  few 
landbirds  initiated  SSE-S  trans-oceanic  flights  more  than  150  km  inland  from  the  coast  of 
New  Brunswick  or  Maine.  Data  from  the  St.  Margarets,  N.B.,  radar  corroborate  this;  it 
commonly  detected  some  southbound  passerines,  but  no  major  southward  flights  were 
noted. 


A  nodding  height-finder  radar  at  Barrington  showed  dense,  unresolvable  echoes  from 
landbirds  up  to  0.6  km  ASL  on  one  evening  with  SSE-S  but  no  SW  landbird  migration  (21 
Sept.  1971)  and  up  to  1.8  km  on  another  (31  Aug.  1971).  On  three  evenings  with  both 
SSE-S  and  SW  miqration  (not  distinguishable  on  the  height  findet)  dense  echoes  extended 
up  to  0.9,  1.5  and  1.8  km.  In  contrast,  on  14  evenings  with  SW  but  no  obvious  SSE-S 
passerine  migration,  passerines  were  abundant  only  up  to  0.6-1. 2  km  (mean  0.8  ±  s.d.  0.2 
km).  These  results  are  consistent  with  Nisbet  et  al.  (1963),  who  found  that  passerines 
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moving  south  from  Cape  Cod  on  4  nights  were  somewhat  higher  (typically  at  0.6  1 .2  km) 
than  other  passerines. 

Tracks  of  individual  echoes  were  measurable  at  Barrington  on  only  three  evenings  when 
there  was  no  overlap  in  track  distnbutions  of  SSE-S  and  other  types  of  movements. 
Sept.  1971  -  vector  mean  170°  ±  angular  deviation  11.9°  (29  echoes  measured);  24  Sept. 
1971  _  167  ±  10.5°,  n=49;  30  Sept.  1971  -  171  ±  15.8°,  n=66.  On  other  nights  modal 
tracks  of  the  SSE-S  group  around  1  h  after  sunset  ranged  from  -155°  (8  Oct.  1971)  to 
-175°  (25  Sept.  1971).  Some  birds  moved  S-SSW  on  most  of  these  nights,  and  on  at  least 
one  night  at  Sydney  the  mean  track  of  passerines  just  after  take  off  was  intermediäre 
between  ‘typical’  SSE-S  and  SW- WSW  departures:  19  Oct.  1965  -  203  ±  11.4°  (n  -  41). 
Directional  data  for  the  SSE-S  departures  of  landbirds  were  too  meagre  and  imprecise  to 
warrant  detailed  analysis,  but  there  was  no  evidence  of  a  correlation  between  wm 
direction  and  nightly  modal  direction  at  Barrington,  and  little  evidence  of  such  a 
correlation  for  all  Nova  Scotian  sites  (Fig.  2).  Drury  &  Nisbet  (1964)  also  found  no  such 
correlation  near  Cape  Cod,  but  my  data  do  not  support  their  conclusion  that  there  are  two 
distmct  directional  classes  (-171°  and  -186°)  among  landbirds  moving  offshore. 


S  u  r  f  ac  e  Wind 


Figure  2.  Modal  track  directions  of  landbirds  departing  seaward  from  Nova  Scotia  on  various 
evenings  vs  wind  direction.  Tracks  were  measured  about  1  h  after  sunset  with  the  Barnngton  •, 
Halifax  O  and  Sydney  A  radars.  One-sided  probabilities  are  given. 


On  at  least  two  evenings  at  Barrington  the  modal  track  shifted  from  165  or  170°  soon 
after  take  off  to  195-205°  around  midnight  (21  and  30  Sept.  1971).  Whether  individual 
echoes  changed  course  is  uncertain,  since  individuals  couldn’t  be  followed  for  more  than 
—30  minutes.  On  21  Sept.  the  change  in  tracks  coincided  with  Clearing  skies  and  a  shift  m 
surface  wind  from  280°  at  13  km/h  to  340°  at  18  km/h;  on  30  Sept.  the  wind  was  300-310° 
at  16  km/h  and  the  sky  was  at  least  partly  clear  all  evening.  These  were  also  the  only  two 
occasions  when  an  evening  departure  to  the  SSE-S  was  followed  by  a  pre-dawn 
reorientation  of  birds  over  the  sea  from  SW  to  NW.^  It  is  unlikely  that  any  of  the 
individuals  that  departed  SSE-S  in  the  evening  were  moving  SW  within  radar  ränge  of  the 

>  Evening  departures  to  the  SW  were  often  followed  by  such  reorientation  (Richardson,  m  press). 
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coast  late  in  the  night.  Thus  there  was  no  proof  that  landbirds  departing  SSE-S  over  the 
ocean  ever  turned  back  to  land,  and  considerable  evidence  that  few  if  any  did  so. 

Most  offshore  departures  occurred  with  west,  northwest  or  north  winds.  Of  26  definite 
cases  of  density  4-7  SE-SSW  landbirds  departure  from  Nova  Scotia.  4  were  in  WSW-NW 
winds  close  behind  cold  fronts,  1  was  in  a  NW  airflow  SW  of  a  low  pressure  area,  14  were 
in  N,  NW  or  N  airflows  north,  east  or  near  the  centre  of  high  pressure  areas,  1  was  in  the 
NE  airflow  SE  of  a  high,  2  were  in  the  SW  airflow  NW  of  a  high,  and  4  were  in 
unclassifiable  circumstances  having  W,  NW  or  N  winds.  Offshore  departures  of  landbirds 
were  more  frequent  with  NW  than  NE  winds,  whereas  SE  departures  parallel  to  the  coast 
were  more  frequent  with  NE  winds  (Richardson,  1972,  1978).  Thus  offshore  departures 
tended  to  begin  sooner  after  cold  front  passage  than  peak  SW  departures.  The  21  Sept. 
1971  departure  (see  above)  began  under  overcast  during  cold  front  passage. 

Landbirds  over  the  Atlantic 

The  Blackpoll  Warbler  is  the  only  landbird  whose  main  fall  route  has  been  shown  to  be 
from  NE  U.S.A.  and  SE  Canada  over  the  Atlantic  to  the  West  Indies  and  South  America 
(Nisbet,  1970;  Ralph,  1975).  Efowever,  Blackpolls -likeotherspecies  —  sometimes  return 
NW  to  land  after  dawn  (Murray,  1965),  and  late  Aug.,  early  Sept.  and  late  Oct. 
departures  evident  on  radar  must  be  other  species  (Nisbet  et  ah,  1963).  Few  North 
American  passerines  reach  the  West  Indies  before  mid-Sept.  (McCandless,  1962; 
Richardson,  1976),  so  birds  moving  offshore  earlier  may  be  poor  orienters  that  will 
perish  at  sea  (Ralph,  1975).  Other  warbler  species  seen  south  of  Bermuda  (Penard,  1926; 
Williams  &  Williams,  in  press)  and  major  SSE-SSW  arrivals  of  landbirds  at  Puerto  Rico 
in  late  Oct.  (Richardson,  1976)  may  leave  the  coast  south  of  New  England,  but  specific 
evidence  about  their  take-off  locations  is  lacking.  Offshore  departures  occur  at  least  from 
eastern  Nova  Scotia  to  New  Jersey  (Drury  &  Keith,  1962;  Swinebroad,  1964;  this 
study),  and  probably  to  Virginia,  where  birds  with  low  airspeeds  depart  east  of  170° 
(Williams  et  ah,  1977b). 

Landbirds  tend  to  depart  SSE-S  with  cool  W,  NW  or  N  winds  behind  a  cold  front  or  in 
the  eastern  or  central  parts  of  a  high  pressure  area  (Drury  &  Nisbet,  1964;  Richardson, 
1972,  this  study;  Williams  et  ah,  1977b).  Fronts  often  stall  before  reaching  Bermuda. 
Some  landbirds^  that  catch  up  with  such  fronts  penetrate  them  and  continue  SE-SSW  in  the 
typically  fair  weather  of  the  ‘Bermuda  High’,  but  others  apparently  fail  to  penetrate  to  the 
High  and  may  perish  (Williams  &  Williams,  in  press).  Species  differences  and  factors 
affecting  the  probability  of  penetration  are  unstudied. 

Few  Blackpoll  Warblers  land  at  Bermuda  (Nisbet  et  ah,  1963;  Ralph,  1975),  and  radar 
shows  passerines  and  other  birds  passing  overhead,  usually  SE  (Ireland  &  Williams, 
1974).  Peak  daytime  passage  (all  species)  is  in  the  afternoon,  ~18-22h  after  evening 
departure  from  Coastal  areas  1100-1550  km  away  (Williams  et  ah,  in  press).  However, 
nocturnal  radar  data  from  Bermuda  are  meagre,  and  many  passerines  may  arrive  at  night 
>24  h  after  take-off  (Nisbet  et  ah,  1963).  Ship  radars  show  that  SE-SSW  migration, 
probably  of  landbirds^,  can  extend  1000  km  east  and  800  km  south  of  Bermuda 
(Williams  et  ah,  1977b). 

^  My  assumption,  based  on  the  low  altitudes  (the  radars  used  couldn’t  detect  birds  above  500-1000  m),  generally  low 
airspeeds,  and  visual  sightings  reported  by  Williams  &  Williams  (in  press). 
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Radars  at  Puerto  Rico  and  Antigua,  West  Indies  (~1650  km  S  of  Bermuda),  often  show 
birds  approaching  from  the  NW,  N  and  even  NE  (Hilditch  et  al.,  1973;  Richardson, 
1976;  Williams  et  al.,  1977b).  Some  are  shorebirds,  but  low  airspeeds  at  both  sites,  plus 
echo  characteristics  and  abundance  at  Puerto  Rico,  indicate  that  many  —  including  some  at 
4—6  km  ASL  —  are  passerines.  Some  (passerines?)  pass  Puerto  Rico  and  most  pass  Antigua 
without  stopping,  apparently  contmuing  ~800  km  to  South  America.  Imprecise  relation- 
ships  between  times  of  known  or  suspected  departure  from  NE  U.S.A./SE  Canada  and 
arrival  in  the  West  Indies  suggest  a  mean  transit  time  (all  species)  of  60-70  h  to  the  north ern 
West  Indies  and  82-88  h  to  South  America  (Richardson,  1976;  Williams  et  al.,  in  press). 

Nisbet  et  al.  (1963)  concluded  that  Blackpoll  Warblers,  based  on  weights  at  departure 
from  New  England  and  arrival  at  Bermuda,  could  fly  for  >95  h.  Greenewalt  (1975) 
calculated  a  still-air  ränge  of  3465  km  for  Blackpolls.  Elowever,  present  theory  mdicates 
that  these  are  overestimates  (Tucker,  1975,  1976).  Smce  from  Boston  it  is  a  minimum  of 
2700  km  to  Puerto  Rico  and  3400  km  to  Venezuela,  the  observed  tendencies  to  take  off 
with  following  NW  winds  and  to  approach  the  West  Indies  at  high  altitudes,  where  winds 
are  often  most  favourable  (Richardson,  1976;  Williams  et  al.,  1977b),  must  have  high 
adaptive  value.  High  altitude  flight  may  also  conserve  water  (Berger  &  Hart,  1974)  and 
increase  airspeed  (Pennycuick,  1975).  Increased  airspeed  would  decrease  transit  time,  and 
thus  reduce  the  risk  of  encountering  a  hurricane.  Strip-like  updrafts  behind  cold  fronts 
might  be  useful  in  conserving  energy  early  in  the  flight  (Griffin,  1969),  but  there  is  as  yet 
no  evidence  that  landbirds  concentrate  in  the  rising  air. 

Mean  tracks  of  the  landbirds  are  -170°  just  after  take  off  but  -190°  near  Puerto  Rico. 
Williams  &  Williams  (in  press)  suggest,  considering  shorebirds  and  landbirds  together, 
that  the  entire  flight  is  made  with  a  constant  SE  heading,  and  that  lateral  wind  drift  causes 
the  curved  route.  However,  early  in  the  flight  most  landbirds  maintam  SSE-S  tracks  by 
adjusting  their  headings  around  a  mean  of  -S  to  correct  for  wind  drift  (Drury  &  Nisbet, 
1964;  this  study).  At  Puerto  Rico,  tracks  (all  species,  but  mainly  passerines)  are  strongly 
correlated  with  wind,  and  result  from  uncorrected  drift  by  the  prevailing  easterly  trade 
winds  from  a  mean  heading  of  174°.^  In  mid-ocean,  headings  of  landbirds  average  about 
163°  (Williams  &  Williams,  in  press).  Thus,  mean  track,  the  relationship  of  headings  to 
wind,  and  possibly  mean  heading  change  en  route.  The  ultimate  reason  foi  the  curved 
route  is  presumably  a  function  of  prevailing  winds  and  energy  Conservation,  but  precise 
orientational  processes  and  the  energetic  adv antage  over  alternate  routes  are  uncertam,  and 
should  be  further  examined  for  landbirds  alone. 
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Migration  Patterns  of  Waders  (Charadrii)  in  Europe 

A.  J.  Prater 

Since  the  pioneermg  study  by  Norrevang  (1959)  there  has  been  considerable  attention 
paid  to  the  study  of  migration  of  waders  in  Europe.  Düring  the  last  ten  years  the 
co-ordinated  ringing  and  counting  programmes  of  amateur  and  professional  ornithologis« 
have  resulted  in  the  publication  of  many  detailed  papers.  Recently  Glutz  Bauer  & 
Bezzel  (1975,  1977)  have  provided  detailed  summaries  of  the  current  knowledge  about 
wader  migration  m  Europe.  This  brief  review  will  not  attempt  to  duplicate  their  work  but 
will  concentrate  on  general  patterns  of  wader  migration. 


ORIGira  AND  MIGRATION  ROUTES  OF  WADERS  OCCURRING:— 
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Figure  1 .  The  relationship  between  breeding,  migration  and  winter  distnbutions  of  waders  occurrmg 

in  Europe. 


Origins  of  populations 

Waders,  which  occur  in  Europe  on  passage  or  durmg  the  winter,  breed  m  a  large  area  of 
the  Arctic  and  temperate  zones  of  the  world.  Figure  1  shows  the  known  extent  of  this  area 
based  on  ringing  recoveries;  it  Stretches  between  130°  (possibly  140°)  E  and  90°  W. 
Unfortunately  the  relatively  small  number  of  migrant  waders  ringed  in  southeastern 
Europe  have  not  provided  enough  evidence  as  to  their  origins.  The  boundanes,  particu- 
larly  in  the  Palaearctic,  shown  in  Figure  1  should  only  be  considered  as  a  guide  but  they  do 
represent  the  principal  origins  of  waders  seen  in  Europe  and,  by  imphcation,  the  direction 
of  movement  too.  It  should  be  noted  that  vagrant  individuals  have  been  recorded  from 
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further  south  and  east  especially  further  west.  However,  this  aspect  of  migration  will  not 
be  considered  here. 

Of  the  species  regularly  occurring  in  Western  Europe  those  originating  from  the 
extremes  of  this  ränge  are  the  high  arctic  breeders.  In  zoogeographical  and  evolutionary 
terms,  as  used  by  Larsen  (1957)  for  example,  these  correspond  to  the  super  cold  forms. 
Those  migrating  from  slightly  less  far  are  basically  the  sub-cold  forms,  while  the  temperate 
and  warm  forms  occur  progressively  less  often  in  western  and  more  frequently  in  south 
eastern  Europe. 

Two  major  divisions  of  wader  populations  can  be  made;  they  are  the  eastern  (Palaearc- 
tic)  and  north  western  (NE  Nearctic  and  Icelandic)  breeding  birds.  The  species  involved 
from  the  Nearctic,  Ellesmere  and  eastern  Baffin  Islands  and  Greenland,  are  Calidris 
canutHs,  C.  alha,  C.  alpina,  Arenaria  interpres  and  Charadrius  hiaticula  (and  possibly 
Calidris  maritima).  Iceland  provides  a  similar  ränge  of  species  to  Scandinavia  and  much  of 
northern  USSR  but  lacks  C.  canutus,  C.  alha,  Limosa  lapponica,  A.  interpres  a.nd  Pluvialis 
squatarola. 

The  directional  movements  of  the  two  divisions  of  populations  differ.  In  autumn  north 
Western  breeders  cross  the  Atlantic  over  a  wide  area  between  northern  France  to  Southern 
Norway,  although  two  principal  streams  go  to  the  Irish  Sea  and  the  North  Sea.  The  latter 
group  occurs  primarily  in  the  Wadden  Sea  and  many  birds  arrive  via  Southern  Norway  and 
Denmark.  The  spring  return  movement  is  a  mirror  image  of  this,  although  in  C.  hiaticula, 
C.  alha  and  A.  interpres  there  is  a  more  westerly  component  than  in  autumn.  Then  only  a 
few  major  estuaries  in  the  Irish  Sea  are  utilised.  Greenlandic  and  Ganadian  birds  use 
Iceland  as  a  major  resting  and  feeding  area  during  migration,  apparently  with  a  tendency 
for  g  greater  use  in  spring. 

The  basic  movement  of  Scandinavian  and  particularly  northern  Russian  waders  is  south 
or  Southwest  through  the  Baltic  Sea  and  into  the  North  Sea.  There  is  some  overland 
migration  across  Southern  Sweden  and  more  obivously  across  Denmark.  The  intensity  of 
migration  appears  to  be  slightly  greater  along  the  Swedish  coast  than  along  the  Southern 
Baltic  shore.  In  spring  there  are  indications  that  a  more  easterly  route  is  taken  by  many  of 
the  species  which  breed  in  north  and  mid  central  USSR.  This  is  particularly  noticeable  in 
C.  ferruginea,  C.  minuta,  Philomachus  pugnax  and  Tringa  glareola.  There  are,  of  course, 
many  exceptions  to  this  generalisation;  the  most  extreme  being  Phalaropus  lohatus  where 
the  north  Scandinavian  population  moves  southeast  towards  the  Gaspian  Sea  and  the 
Indian  Ocean. 

As  noted  by  Moreau  (1972)  and  for  C.  canutus  by  Dick  et  al.  (1976),  many  long 
distance  migrants  from  both  Greenland  and  central  USSR  follow  great  circle  routes.  These 
explained  the  autumn  occurrence  of  north  western  breeders  in  Southern  Norway  and  the 
extensive  use  of  the  Baltic  Sea  by  northeastern  breeders,  both  of  which  winter  in  large 
numbers  on  the  European  and  north  African  Atlantic  coasts. 

Other  factors  influencing  migration  patterns 

Latitude  of  breeding  grounds 

In  species  with  a  continuous  breeding  distribution,  which  spans  a  wide  latitudinal  Zone, 
the  more  southerly  birds  move  the  least  distance  in  winter.  In  T.  totanus  this  results  in  the 
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Icelandic,  Scottish  and  northern  English  breeders  wintering  in  the  same  general  area 
between  48°  N  and  58°  N,  often  along  with  Southern  English  birds.  In  this  case  the 
Scandinavian  and  western  Continental  European  populations  move  further  south  along  the 
Atlantic  coast.  Only  in  a  few  species  is  leapfrog  migration  seen,  particularly  C.  hiaticula 
where  Greenlandic,  Icelandic  and  northern  Scandinavian  birds  winter  south  of  40  N  and 
British,  North  Sea  and  Southern  Baltic  breeders  remain  in  the  British  Isles  and  France. 


Age 

Although  it  is  often  considered  that  immature  waders  migrate  further  south  than  adults, 
information  on  this  is  scarce  and  it  is  mainly  of  a  circumstantial  nature.  There  are  fewer 
juvenile  C.  canutus  at  major  British  estuaries  during  winter  than  there  are  during  the 
autumn  passage  periods.  However,  this  decrease  may  also  involve  a  change  in  habitat 
utilization.  There  is  a  tendency  for  juvenile  British  T .  totanus  and  C.  hiaticula  to  move 
further  south  than  adults,  although  in  N.  arquata  this  is  not  the  case. 


KNOT  :  AUTUMN  MIGRATION 


RUSSIAN  I 
populationI 


- -»  <  100,000 


NW  AFRICA 


7—8  MONTHS  OF 

MOVEMENT 


Figure  2.  Diagrammatic  representation  of  the  autumn  migration  of  Calidris  canutus  in  Europe. 


Juvenile  waders,  which  originäre  from  northern  USSR,  tend  to  migrate  in  autumn 
further  to  the  west  than  adults.  Stanley  &  Minton  (1972)  showed  this  for  C.  ferruginea, 
and  related  it  to  a  greater  tendency  to  be  displaced  from  their  ‘normal’  route  by  weather 
Systems.  Similarly  many  C.  alpina  ringed  in  western  Norway  on  their  first  migration  are 
subsequently  retrapped  as  adults  in  the  main  Baltic  Sea  flyway.  Perhaps  this  variabihty 
occurs  among  waders  because  there  is  a  temporal  Separation  in  migration  times  between 
adults  and  juveniles;  the  formet  preceding  the  latter  by  between  two  and  four  weeks. 
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Sex 

Data  are  lacking  for  sex  ratlos  in  different  parts  of  the  wintering  ränge  of  most  species. 
Only  in  P.  pugnax  has  this  aspect  been  studied;  Prater  (in  press)  noted  that  females 
outnumber  males  by  9  to  1  in  Southern  Africa,  while  mal  es  form  the  great  majority  of  birds 
wintering  in  Europe. 

Short  distance  movements  of  waders  in  Europe 

To  date  little  attention  has  been  paid  regulär  short  distance  movements  of  waders.  These 
do  not  produce  spectacular  patterns  but  are  of  great  significance  in  assessing  the 
Conservation  importance  of  each  esmary  in  the  birds  annual  cycle.  Many  species  of  coastal 
waders  in  western  Europe  occur  in  large  numbers  at  relatively  few  sites.  These  almost 
certainly  move  in  flocks  and,  in  view  of  the  predictability  of  their  occurrence,  follow  fairly 
narrow  migration  routes. 


KNOT:  SPRING  MIGRATION 


Figure  3.  Diagrammatic  representation  of  the  spring  migration  of  Calidris  canutus  in  Europe. 


The  approach  which  integrates  data  from  counting  and  ringing  programmes  has 
provided  valuable  Information  on  this  aspect  of  wader  migration.  Recent  results  for  C. 
canutus  illustrates  this  approach.  The  count  data,  Table  1,  are  obtained  from  the  IWRB 
and  are  combined  with  ringing  recovery,  recapture  and  morphometric  data  to  produce  the 
diagrammatic  representations  of  migration  in  Figures  2  and  3.  These  show  clearly  that 
there  are  a  number  of  major  centres  for  C.  canutus  in  Europe.  Of  special  value  as  moulting 
centres  are  the  Wadden  Sea,  the  Irish  Sea  and,  to  a  lesser  extent,  the  Wash.  From  here  the 
birds  move  out  into  their  wintering  areas.  There  is  a  steady  shift  in  the  centre  of  the 
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Population  to  the  west  and  Southwest  at  this  time,  resulting  from  a  progressive  displace- 
ment  of  birds.  Subsequently  they  return  to  these  same  areas,  in  apparently  similar 
numbers,  in  the  spring  prior  to  migration.  The  patterns  of  counts  and  of  retraps  and 
recoveries  of  birds  ringed  in  the  Irish  Sea  and  the  Wash  indicate  that  these  support  groups 
of  birds  which  are  separate  and  stable.  Düring  autumn,  spring  and  summer  birds  ringed  on 
the  Wash  maintain  a  spatial  Separation  from  Irish  Sea  birds,  with  the  formet  bemg 
consistently  further  east  and  in  summer  further  north  too.  This  occurs  despite  an  almost 
complete  mixing  in  Western  Britain  and  Ireland  during  the  winter  months.  This  probably 
also  occurs  in  other  species  e.g.  C.  alpina,  L.  lapponica. 


Table  1:  Numbers  of  knot  in  Europe  and  NW-Africa,  in  thousands. 


Iceland 

Wadden  Sea  +  Delta 

Wash 

Irish  Sea 

rest  of  U.K.  +  Ireland 
France 

rest  of  Western  Europe 
NW  Africa 


late  August 
irly  September 

January 

late  August 
early  May 

10? 

0 

20? 

260 

60 

85 

40 

60 

15 

120 

175 

110 

5 

90 

15 

40 

30 

40? 

5? 

30 

5? 

? 

100 

} 

480  + 

545 

290  + 

Wader  migration  in  Europe  is  a  complex  phenomenon  involvmg  many  variables  related 
to  origins,  age  and  sex.  These  are  no  doubt  integrated  with  tradition,  evolution  and 
subsequent  ecological  adaptations.  We  are  still  a  long  way  from  being  able  to  descnbe  all 
aspects  in  detail  but  the  research  being  carried  out  is  beginning  to  allow  general  summaries 

to  be  made. 
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Räumliche  Zugmuster  europäischer  Singvögel 

Gerhardt  Zink 

Zugrichtungen  und  Winterquartiere  europäischer  Vögel  werden  stark  beeinflußt  von  der 
ungleichen  Verteilung  der  Landflächen  der  alten  Welt  (Moreau  1952)  und  vom  Verlauf 
der  Küstenlinien  in  Europa.  Die  Fläche  des  nördlich  von  Afrika  gelegenen  Teiles  Europas 
(bis  40°  E),  ohne  das  für  viele  Arten  als  Überwinterungsgebiet  dienende  Mittelmeergebiet, 
verhält  sich  zur  Fläche  Afrikas  (ohne  die  Sahara,  aber  einschließlich  der  Mittelmeerländer) 
wie  etwa  1:4,  die  paläarktische  Region  östlich  von  40°  E  und  nördlich  30°  N  zu  den 
Winterquartieren  in  S-Asien  aber  wie  etwa  3:1.  Berücksichtigt  man  ferner,  daß  Afrika  um 
7  Längengrade  -  also  etwa  700  km  -  weiter  nach  W  reicht  als  Europa  und  daß  die 
Küstenländer  des  Atlantischen  Ozeans  in  Westeuropa  wegen  ihres  gemäßigten  Klimas  für 
viele  Arten  als  Winterquartier  dienen,  dann  ist  es  nicht  erstaunlich,  daß  südwestliche 
Zugrichtungen  in  Europa  und  in  Westasien  vorherrschen. 

Zugrichtungen. 

89  Singvogelarten  ohne  die  Emberizidae,  die  Fringillidae  und  die  Ploceidae,  die  im  Atlas 
des  Singvogelzugs  (Zink  1973)  noch  nicht  bearbeitet  sind,  brüten  regelmäßig  in  oder 
ziehen  in  beträchtlicher  Zahl  durch  Mitteleuropa.  Von  7  dieser  Arten  sind  Zugwege  und 
Winterquartiere  nur  ungenügend  bekannt.  Eine  Aufteilung  der  verbleibenden  82  Arten 
nach  den  Anfangsrichtungen  beim  Herbstzug  ergibt  folgendes  Bild: 

14  Arten  sind  Standvögel  oder  ziehen  nur  in  geringem  Ausmaß. 

33  Arten  haben  Anfangsrichtungen  westlich  von  S,  manche  davon  auch  nach  W  oder 
WNW,  wie  z.  B.  Stare  {Sturnus  vulgaris)  von  NW-Deutschland  nach  England. 

9  Arten  ziehen  von  Mittel-  und  Westeuropa  mit  Anfangsrichtungen  östlich  von  S. 

9  Arten  haben  Anfangsrichtungen  zwischen  SW  und  SE.  Beim  Wasserpieper  [Anthus 
spinoletta)  des  Alpenraums  sind  sogar  alle  Richtungen  von  N  über  W  bis  SE  möglich. 

3  Arten  zeigen  einen  Trichterzug  ins  mittlere  Mittelmeergebiet. 

Bei  mindestens  14  Arten  gibt  es  eine  Zugscheide,  die  Populationen  mit  unterschiedlichen 
Anfangsrichtungen  trennt. 

Einige  Beispiele  sollen  diese  Verhältnisse  erläutern.  Die  Quellen  dazu  finden  sich  bei 
Zink  (1973),  z.  T.  auch  in  unveröffentlichten  Unterlagen  der  Vogelwarte  Radolfzell.  Alle 
europäischen  Populationen  der  Feldlerche  {Alauda  arvensis,  Abb.  1  A)  ziehen,  soweit  es 
sich  nicht  um  Standvogelpopulationen  handelt,  in  Richtungen  zwischen  WSW  und  SSW. 
Von  Schottland  aus  mögen  auch  Richtungen  um  S  möglich  sein.  An  der  SW-Ecke  der 
Biskaya  treffen  sich  Populationen  sehr  verschiedener  Herkunft.  Die  Fernzieher  überwin¬ 
tern  in  Westeuropa  westlich  des  Rheins  und  im  Mittelmeergebiet.  Der  Steinschmätzer  {Oe. 
oenanthe,  Abb.  1  B)  gehört  zu  den  Arten,  die  aus  Mittel-  und  Osteuropa  in  breiter  Front 
nach  SW  ziehen.  Die  Konzentration  an  der  Biskaya-Ecke  ist  deshalb  weniger  stark  als  bei 
der  Feldlerche.  In  NW-Europa  sind  SW-Richtungen  natürlich  nicht  möglich.  Steinschmät¬ 
zer  aus  Island  ziehen  deshalb  zunächst  nach  SSE,  Vögel  aus  Großbritannien  und  z.  T.  auch 
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aus  Norwegen  um  S.  Sie  biegen  dann,  sobald  die  geographische  Situation  es  erlaubt,  also 
an  der  Biskaya-Ecke  bzw.  in  NW-Deutschland,  in  die  „richtige”  SW-  bis  SSW-Richtung 
ein.  Steinschmätzer  überwintern  südlich  der  Sahara.  Richtungsänderungen  britischer 
Vögel  an  der  Biskaya-Ecke  gibt  es  bei  vielen  Arten  (z.  B.  Abb.  3  A,  C  und  D). 

Nur  zwei  der  89  Arten  sind  in  Europa  echte  SE-Zieher:  Zwergschnäpper  {Ficedula 
parva)  und  Grüner  Laubsänger  {Phylloscopus  trochiloides),  die  beide  m  Indien  überwin¬ 
tern.  Die  7  weiteren  Arten,  die  aus  West-  und  Mitteleuropa  nach  SE  wandern,  werden  im 
nächsten  Abschnitt  (Trichterzug)  behandelt.  Neben  den  reinen  SW-  oder  SE-Ziehern  gibt 
es  einige  Arten,  die  bei  gleicher  Herkunft  recht  verschiedene  Richtungen  emschlagen 
können.  Schilfrohrsänger  {Acrocephalus  schoenohaenus,  Abb.  1  D)  können  von  Groß  ri- 
tannien  nach  Portugal  (SSW)  oder  in  die  Schweiz  (SE),  aus  Skandinavien  nach 
Spanien  (SSW),  nach  Italien  (S)  oder  nach  Kreta  (SSE)  ziehen. 


Figur  1  Herbstzugrichtungen  von  A  =  Alauda  arvensis,  B  =  Oenanthe  oenanthe  C  -  Sylvia 
CHTTHca,  D  =  Acrocephalus  schoenohaenus.  a  =  Frühjahrszug.  Dünne  Limen  sind  nur  durch  einzelne 

oder  wenige  Ringfunde  belegt. 


Trichterzug 

Drei  Arten  ziehen  trichterförmig  ins  mittlere  Mittelmeergebiet,  d.  h.  von  Westeuropa 
mit  südöstlicher,  von  Osteuropa  mit  südwestlicher  Zugrichtung.  Der  Ostteil  des  Trichters 
ist  durch  Ringfunde  meist  nur  wenig  belegt  (Beispiel  Waldlaubsänger,  Phylloscopus 
sibilatrix,  Abb.  2  A).  Zu  den  Arten  mit  trichterförmigem  Zugbild  gehören  aber  auch  7  der 
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9  Arten,  die  von  West-  und  Mitteleuropa  aus  nach  SE  ziehen.  Da  diese  Arten  oder 
mindestens  ihre  Nominatform  ausschließlich  in  Afrika  überwintern,  müssen  die  osteuro¬ 
päischen  Populationen  Richtungen  um  S  und  bis  SSW  einhalten.  Das  gilt  z.  B.  für  die 
Klappergrasmücke  [Sylvia  curruca,  Abb.  1  C)  und  für  den  Pirol  (O.  oriolus,  Abb.  2  B). 
Beim  Pirol  ziehen  auch  die  asiatischen  Populationen  der  Nominatform  nach  Afrika.  Die 
Populationen,  die  im  Trichter  nach  SE  ziehen,  müssen  die  Richtung  im  Mittelmeerraum 
oder  in  Nordafrika  nach  etwa  S  ändern.  Solche  Richtungsänderungen  auf  dem  Zug  sind  bei 
fernziehenden  Vogelarten  weit  verbreitet  (Zink  1977,  hier  Abb.  1  C,  2  A  und  B,  3  C  und 
D). 


Zugscheiden 

Das  klassische  Beispiel  für  eine  Zugscheide  stammt  vom  Weißen  Storch  (C.  ciconia). 
Dieses  Beispiel  ist  durch  zahlreiche  Funde  beringter  Vögel  besonders  gut  belegt  (Schüz 
1962).  Auch  bei  der  Mönchsgrasmücke  [Sylvia  atricapilla)  ist  eine  Zugscheide  bei  etwa  12° 
E  gut  gesichert  (Zink  1973).  Bei  den  meisten  anderen  Arten,  bei  denen  eine  Zugscheide 
existiert,  liegt  diese  weiter  nördlich  oder  östlich,  d.  h.  in  Gebieten,  wo  es  meist  nur  wenige 
Ringfunde  gibt  und  wo  deshalb  besonders  die  Verhältnisse  östlich  der  Zugscheide  oft  nur 
angedeutet  werden  können.  Bei  der  Bachstelze  [Motacilla  alba,  Abb.  3  A)  ist  die 
Zugscheide  zwischen  den  Populationen  Fennoskandiens  und  denjenigen  Mittel-  und 
Westeuropas  gut  belegt.  Der  Verlauf  südlich  der  Ostsee  kann  aber  nur  vermutet  werden, 
da  Ringfunde  aus  Ost-  und  SE-Europa  fehlen.  Der  Fund  einer  in  Indien  beringten 
Bachstelze  in  der  Ukraine  zeigt,  daß  es  aus  diesem  Gebiet  Herbstrichtungen  nach  SE  gibt. 
Auch  beim  Grauschnäpper  [Muscicapa  striata,  Abb.  3  C)  trennt  eine  Zugscheide  die  Vögel 
Skandinaviens  von  den  Populationen  West-  und  Mitteleuropas.  Die  Richtungen  sind  dabei 
nicht  so  verschieden  wie  in  anderen  Fällen:  Während  die  Vögel  westlich  der  Zugscheide 
reine  SW-Zieher  sind,  streuen  die  Wegzugrichtungen  skandinavischer  und  finnischer 
Vögel  zwischen  SSW  und  SSE.  Südlich  der  Ostsee  liegt  die  Zugscheide  westlicher  als  bei 
der  Bachstelze,  doch  fehlt  es  wiederum  an  Funden  aus  Ost-  und  SE-Europa. 

Die  Zugscheide  kann  in  der  Nähe  einer  Rassengrenze  liegen,  wie  bei  Lusdnia  svedca 
(Abb.  3  B),  bei  der  die  weißsternigen  Blaukehlchen  vorwiegend  südwestlich,  die  rot- 
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sternigen  vor  allem  östlich  von  S  ziehen.  Rotsternige  Blaukehlchen  überwintern  aber  in 
geringer  Zahl  auch  in  Westafrika,  weißsternige  vereinzelt  auch  in  Ägypten.  Die  Zug¬ 
scheide  kann  von  der  Rassengrenze  aber  auch  unabhängig  sein,  wie  beim  Zilpzalp 
{Phylloscopus  collybita,  Abb.  3  D).  Vögel  der  Form  abietinus  ziehen  aus  Norwegen  und 
Schweden  in  Richtungen  westlich  von  S,  Vögel  der  Nominatform  aus  Polen  östlich  von  S. 
Möglicherweise  handelt  es  sich  beim  Zilpzalp  mindestens  im  südlichen  Teil  der  Verbrei¬ 
tung  nicht  um  eine  echte  Zugscheide  mit  divergenten  Zugrichtungen,  sondern 
um  ein  von  W  her  gesehenes  allmähliches  Schwenken  der  Wegzugrichtungen  von  SW  über 

S  nach  SE. 


Figur  3.  Herbstzugrichtungen  von  A  =  Motacilla  alba,  B  -  Luscinia  svecica,  C  -  Muscicapa  striata, 
D  =  Phylloscopus  collybita.  a  =  Zugscheide,  b  =  Rassengrenze. 

Einige  Arten,  bei  denen  Zugscheiden  zu  vermuten  sind,  wurden  in  dieser  Gruppe  nicht 
mitgezählt.  So  dürften  bei  Pirol  und  Waldlaubsänger  (Abb.  2)  Populationen  vom 
Westrand  der  Brutverbreitung  in  isolierte  Winterquartiere  in  Westafrika  ziehen.  Genauere 
Angaben  können  aber  nicht  gemacht  werden,  da  Ringfunde  fehlen. 

Schleifenzug 

Richtungsänderungen  während  des  Zuges  haben  zur  Folge,  daß  das  Überwinterungs¬ 
gebiet  nicht  auf  dem  direkten  Weg,  sondern  auf  einem  Umweg  erreicht  wird.  Dieser 
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Umweg  kann  beim  Heimzug  in  einem  Schleifenzug  abgekürzt  werden.  Das  gilt  z.  B. 
dann,  wenn  SW-Zieher,  die  südlich  der  Sahara  überwintern  und  folglich  im  Herbst  in 
Portugal  die  Richtung  ändern  müssen,  im  Frühjahr  über  Ostspanien  zurückziehen.  Ein 
Beispiel  dafür  ist  das  Braunkehlchen  {Saxicola  rubetra).  Man  spricht  dann  von  Schleifen¬ 
zug  gegen  den  Uhrzeigersinn.  Pirole  aus  Mitteleuropa  ziehen  im  Herbst  über  Griechen¬ 
land  nach  NE-Afrika  (Abb.  2  B).  Dort  muß  die  SE-Richtung  nach  etwa  S  geändert 
werden.  Auf  dem  Heimzug  wird  das  Mittelmeer  im  Durchschnitt  etwa  8°  westlicher 
überquert  als  im  Herbst.  Hier  handelt  es  sich  also  um  Schleifenzug  im  Uhrzeigersinn.  Ob 
dabei  in  Afrika  noch  weiter  nach  W  ausgeholt  wird,  als  in  Abb.  2  B  angedeutet  ist,  muß 
offen  bleiben.  Ähnliche  Verhältnisse  gelten  wahrscheinlich  für  den  Waldlaubsänger  (Abb. 
2  h). 

In  einigen  Fällen  wird  der  herbstliche  Umweg  auf  dem  Heimzug  nicht  abgekürzt, 
sondern  noch  vergrößert.  Britische  Klappergrasmücken  ziehen  im  Herbst  über  Nord¬ 
italien  nach  Ägypten.  Die  Überwinterungsgebiete  liegen  im  Sudan.  Auf  dem  Heimzug 
wird  noch  weiter  nach  E  ausgeholt  und  das  Mittelmeer  fast  vollständig  umflogen. 
Ähnliches  Zugverhalten  ist  vom  Neuntöter  (Lanius  collurio)  und  vom  Schwarzstirnwürger 
{Lanius  minor)  bekannt. 

Diese  Beispiele,  die  vervielfacht  werden  könnten,  zeigen  die  große  Vielfalt  der  räum¬ 
lichen  Zugmuster  europäischer  Singvögel.  Die  genaue  Kenntnis  dieser  Muster  ist  Voraus¬ 
setzung  nicht  nur  für  Orientierungsversuche,  sondern  auch  für  Untersuchungen  auf  dem 
Gebiet  der  Zugphysiologie  und  für  vielerlei  Aspekte  des  Vogelschutzes.  Es  ist  deshalb 
besonders  bedauerlich,  daß  über  die  Zugverhältnisse  in  Ost-  und  SE-Europa  so  wenig 
bekannt  ist. 


Summary:  Patterns  of  Migration  in  European  Passerine  Birds 

Bird  migration  in  Europe  depends  largely  on  the  unequal  distribution  of  the  land  masses  in  the  Old 
World  and  the  complicated  System  of  coastlines  in  Europe.  It  is  also  influenced  by  the  fact  that  Africa 
extends  seven  degrees  of  longitude  farther  west  than  does  Europe  and  that  the  Coastal  areas  of  the 
Atlantic  Ocean  in  Western  Europe  provide  suitable  wintering  grounds  for  many  species.  Strict 
northsouth-movements  are,  therefore,  exceptions  in  the  migrations  of  European  birds.  The  paper 
describes  the  main  autumn  directions  found  in  the  passerine  families  (with  the  exception  of  the 
buntings,  finches  and  sparrows)  and  emphasizes  such  peculiar  patterns  as  broad-front  and  funnel- 
shaped  migration  (Breitfrontzug  und  Schmalfront-  oder  Trichterzug),  changes  in  direction  during 
migration,  migration  divides  (Zugscheiden),  and  loop  migrations  (Schleifenzug).  The  knowledge  of 
these  patterns  is  essential  not  only  for  Orientation  studies  but  also  for  studies  on  environmental 
physiology  and  for  many  aspects  of  bird  protection.  It  is,  therefore,  deplorable  that  our  knowledge  of 
the  migration  patterns  in  eastern  and  southeastern  Europe  is  so  poor. 
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Introduction 

The  persistence  of  animal  populations  is  dependent  in  large  part  on  the  ability  of 
individual  organisms  to  move  so  that  they  can  reproduce  in  the  most  appropnate  place  at 
the  most  appropriate  time.  All  populations  are  spatially  fluid  m 

movement  is  a  fundamental  biological  response  to  adversity  (Taylor  &  T'Vylor  19  b 
Every  organism  must  retain  the  ability  for  it  or  its  descendenB  to  c  ange 
eventually  or  face  extinction.  Evolution  will  therefore  favor  all  traits  th^at  serve  o 
maximize  the  expectancy  of  arriving  and  survivlng  to  breed,  for  example,  the  abili J  » 
disperse  or  migrate,  the  ability  to  survive  the  dangers  of  dispersal  and  migratmn,  and  th 
abiUty  to  find,  or  arrive  in.  the  new  habitats  (SoumwoOD,  1977).  It  is  reasonable  to  expe 
that  the  seasonal  climatic  factors  that  render  a  habitat  favorable  or  unfavorable  *e  same 
factors  that  influence  the  dispersal  and  migration  of  organisms  to  and  from  that  habita 
respectively.  It  also  follows  that  the  motions  of  the  atmospheric  medium  have  imparted 
some  directionahty  to  dispersal  and  migratory  flights  and  at  the  same  time  have  played  a 
role  in  the  phenology  of  the  flights.  Although  previous  interest  has  been  shown  in  the 

adaptation  of  passerine  migratory  routes  to  general  wind  “  “3: 

1950;  Lowery.  1951:454-458;  Williamson,  1955,  1969;  Evans,  1966;  Gräber,  1968, 
Able  1972;  Richardson,  1976)  mine  is  the  first  attempt  to  integrate  global  atmosp  eric 
patterns  with  Continental  migration  patterns  in  an  effort  to  better  understand  the  evolution 

of  migratory  pathways. 

Recent  empirical  and  theoretical  investigations  of  the  flight  energetics  of  migratory  birds 
suggest  that  the  longest  non-stop  flights  of  birds  are  physiologically  possible  only  if  the 
birds  are  aided,  or  a  least  not  hindered,  by  the  wind  (Tucker,  1975).  The  large  number  of 
migration  studies  that  show  that  migrating  birds  attempt  to  maximize  the  following  wind 
component  whenever  possible  further  Supports  the  notion  that  the  movement  of  the 
atmosphere  has  had  an  important  influence  on  the  flight  directions  and  migration  routes  of 
birds  flying  between  their  breeding  and  nonbreeding  areas. 

In  the  analysis  that  follows  I  examine  the  relationships  among  global  wind  circulation 
topography,  and  the  patterns  of  bird  migration.  Because  of  space  limitations,  I  will 
emphasize  these  relationships  only  in  North  and  Central  America  and  “^ke  hmited 
comments  about  other  regions  of  the  world.  A  more  detailed  presentation  will  appear 

elsewhere. 


Methods 

The  climatological  data  for  this  analysis  were  taken  from  a  numer  ofjources 
(Borchert  1953;  Aleman  &  Garcia,  1974,  Bryson  Sc  Hare,  1974;  Court  1974,  Hare 
Lhay,  1974;Boucher,  1975;Portig,  1976;  the  Climatic  Atlas  of  the  United  States,  and 
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the  Atlas  of  Climatic  Maps-Canada).  Because  of  the  importance  of  the  atmospheric 
circulation,  I  have  emphasized  patterns  of  barometric  pressure  (1000  mb)  and  surface 
winds  in  the  analysis.  The  winds  at  an  altitude  of  0.5  km  closely  the  1000  mb  isobars,  lines 
connecting  points  of  equal  barometric  pressure  (see  Humphreys,  1940).  These  climatic 
patterns  of  barometric  pressure  are  based  on  nearly  50  years  of  observations  at  hundreds  of 
weather  stations  throughout  the  northern  portion  of  the  Western  Hemisphere.  I  have  used 
only  those  pressure  and  wind  patterns  during  periods  of  migration,  April  and  May  in 
spring  (Figure  1)  and  September  and  October  in  fall  (Figure  3).  In  these  figures  the 
directions  of  surface  winds  are  indicated  with  arrows,  and  many  of  these  data  are  based  on 
an  analysis  of  monthly  resultant  wind  directions  and  speeds  at  00:00  GMT  over  a  period  of 
13  years  at  77  weather  stations  in  the  United  States  (Gauthreaux,  in  preparation). 


Figure  1.  The  distribution  of  sea-level  barometric  pressure  patterns  in  spring.  The  continuous  and 
dotted  lines  connect  points  of  equal  pressure  and  are  for  the  months  of  April  and  May,  respectively 
The  arrows  indicate  the  resultant  direction  of  the  surface  winds. 


The  bird  migration  data  for  this  analysis  were  gathered  from  a  number  of  sources 
(Lowery,  1951;Drury& Keith,  1962;  Bellrose  &  Gräber,  1963;  Hassler  et  ah,  1963; 
Nisbet,  1963;  Bellrose,  1964,  1965;  Drury  &  Nisbet,  1964;  Lowery  &  Newman, 
1966;  Nisbet  &  Drury,  1967a,  1967b,  1968;  Gauthreaux,  1968,  1971,  1972,  1978,  in 
prep.;  Gräber,  1968;  Monroe,  1968;  Buskirk,  1971 ;  Forsyth  &  James,  1971;Newman 
&  Lowery,  1971;  Richardson,  1971,  1972,  1974,  1975,  1976;  Richardson  &  Gunn, 
1971;  Robertson  &  Ogden,  1971;  Able,  1972,  1974a,  1974b;  Hilditch  et  ah,  1973; 
Williams  et.  ah,  1977a,  1977b).  All  of  these  citations  refer  to  studies  of  primarilly 
passerine  migration  by  direct  visual  means  (moon-watching  or  the  ceilometer  technique), 
by  radar  (surveillance  or  tracking  radars),  or  by  a  combination  of  the  two.  The  darkened 
wedges  in  the  circles  in  Figures  2  and  4  represent  the  mean  direction  of  passerine  migration 
as  reported  by  the  authors  plus  or  minus  30°.  In  certain  cases  when  the  author  indicated 
two  rather  distinct  directional  tendencies,  each  has  been  included  in  the  circle. 


Gauthreaux,  Jr.:  Clima  and  Evolution 


519 


Results 

Figure  1  shows  the  average  sea  level  barometric  pressure  patterns  and  surface  wind 
direction  for  much  of  North  and  Central  America  for  the  months  of  April  and  May.  Just 
above  the  boundary  layer  in  the  lower  troposphere  where  the  effects  of  surface  fnction  are 
minimal,  the  flow  of  air  is  parallel  to  the  isobars  and  is  termed  the  geostrophic  wind  It  is  a 
good  approximation  to  the  observed  wind  at  heights  of  about  500  m  at  latitudes  outside  the 
equatorial  zone  (above  10°N).  As  one  moves  downward  through  the  boundary  layer 
toward  the  earth’s  surface  frictional  drag  causes  surface  winds  to  move  across  the  isobars  in 
the  direction  of  low  pressure  at  an  angle  of  about  15°  over  the  oceans  and  30  over  land 
Near  the  surface,  winds  blow  at  reduced  speeds,  and  because  of  daytime  heating  and 
turbulence  the  geostrophic  winds  are  generally  slower  during  the  day  than  at  night.  At 
night  when  the  surface  air  stops  rising  and  the  boundary  layer  becomes  thmner,  orizonta 
air  movement  at  500  m  becomes  smooth  and  fast.  Thus  in  spring  at  night,  the  mean  ow  o 
air  at  a  height  of  approximately  500  m  is  quite  dose  to  the  isobaric  lines  portrayed  m  Figure 
1.  This  is  the  motion  of  the  atmosperic  medium  within  which  most  passerme  birds  migrate. 
How  do  these  patterns  relate  to  the  mean  directions  of  nocturnal  passerme  migration. 


Figure  2.  The  directional  tendencies  of  nocturnal  passerine  migration  spring.  The  circular  plots  show 
the  predominant  direction  of  migration  for  a  given  area.  The  thickness  of  the  darkened  wedge  reflec  s 

the  variability  in  direction  of  major  movements. 


The  mean  directions  of  nocturnal  passerine  migration  in  spring  are  given  in  Figure  2.  s 
can  be  seen,  there  is  in  general  agreement  between  the  average  directions  of  a.r  flow  at  500 
m  altitude  and  the  mean  directions  of  passerine  migration.  South  of  20°N  the  direction  o 
migration  is  strongly  biased  toward  the  west-northwest  and  northwest.  ln  Florida  and 
along  the  northeastern  Mexican  coast  there  is  a  tendency  for  migration  to  shdt  more 
toward  the  north,  and  near  30°N  the  movement  of  birds  is  somewhat  east  of  north,  Ihese 
changes  in  the  average  direction  of  migration  closely  parallel  the  changes  in  the  Orientation 
of  the  isobars.  At  increasing  latitudes  in  the  eastern  third  of  the  contment  migration  shifts 
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more  toward  the  northeast  and  east-northeast.  This  is  generally  in  keeping  with  the 
direction  of  the  isobars.  It  should  also  be  noted  that  the  velocity  of  the  geostrophic  winds 
increases  with  increasing  latitude  to  a  maximum  in  the  midlatitudes  (40-50°N),  the  zone  of 
maximum  baroclinity  (Boucher,  1975:49).  In  the  central  United  States  passerine  migra- 
tion  proceeds  generally  northward  and  then  turns  towards  the  northeast  in  the  vicinity  of 
the  Great  Lakes  and  toward  the  northwest  west  of  the  Great  Lakes.  This  interesting 
diversion  is  also  present  in  the  wind  patterns,  and  the  generation  of  the  cold  easterly 
circulation  over  the  Canadian  western  plains  in  spring  has  been  discussed  by  Raddatz  & 
Khandekar  (1977). 


Figure  3.  The  distribution  of  sea-level  barometric  pressure  patterns  in  fall.  The  continuous  and 
dotted  lines  connect  points  of  equal  pressure  and  are  for  the  months  of  September  and  October, 
respectively.  The  arrows  indicate  the  resultant  direction  of  surface  winds. 


In  the  fall  (September  and  October)  the  average  sea  level  barometric  pressure  pattem  and 
surface  wind  directions  for  most  of  North  and  Central  America  show  a  change,  particulary 
north  of  latitude  25°N.  A  high  pressure  cell  is  positioned  over  the  eastern  United  States, 
resulting  in  northeasterly  surface  winds  from  New  Jersey  through  the  south eastern  States 
to  Louisiana.  The  geostrophic  winds  in  this  general  area  are  easterly  and  east- 
northeasterly.  This  is  in  part  a  result  of  the  northward  advancement  of  the  northeasterly 
trade  wind  beit.  In  the  central  Southern  Canadian  region  surface  winds  are  from  the 
northwest,  and  geostrophic  winds  ränge  from  northwest  to  westerly. 

The  general  flow  of  passerine  bird  migration  in  the  fall  (Figure  4)  shows  considerably 
less  agreement  with  geostrophic  wind  patterns  than  in  spring.  Although  there  is  rather 
dose  agreement  between  mean  wind  direction  and  mean  migration  direction  in  the  eastern 
and  Southern  United  States  and  in  the  central  Southern  Canadian  regions,  there  are 
noticeable  deviations  of  the  mean  migration  directions  from  the  average  geostrophic  wind 
direction  in  the  central  and  extreme  northeastern  United  States,  in  Florida,  and  in  the 
Canadian  Maritime  Provinces.  The  general  Impression  is  that  most  migration  north  of 
35°N  and  west  of  85°W  is  directed  southeastward  or  south-southeastward  to  the 
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Appalachian  Mountains  and  the  Atlantic  Coast.  East  of  the  mountains  the  migrations 
parallel  the  coast  and  mountain  chain  and  move  toward  and  along  the  northern  coast  of  the 
Gulf  of  Mexico  and  down  the  Florida  peninsula.  The  migrations  from  the  northeastern 
United  States  and  the  Canadian  Maritimes  over  the  western  Atlantic  Ocean  have  basically 
favorable  winds. 


Figure  4.  The  directional  tendencies  of  nocturnal  passerine  migration  in  fall.  The  circular  plots  show 
the  predominant  direction  of  fall  migration  for  a  given  area.  The  thickness  of  the  wedge  approximates 
the  usual  variability  in  direction.  When  two  major  directional  tendencies  exist  for  an  area,  they  are 

both  indicated. 


Discussion 

The  seasonal  migrations  of  birds  appear  to  follow  a  general  eliptical  pattem  in  North  and 
Central  America,  and  this  is  in  keeping  with  the  general  zonal  circulation  of  the 
atmosphere  (easterlies  below  30°N  and  westerlies  above  30°N).  As  the  heated  and 
expanded  air  of  the  equatorial  regions  overflows  to  higher  latitudes  it  is  deflected  by  the 
rotation  of  the  earth.  That  portion  that  goes  north  changes  from  an  east  wind  near  the 
equator  to  a  southeast,  south,  Southwest,  and,  fmally  at  about  latitude  35°N,  a  westerly 
wind.  Thus  in  spring  the  northward  migrations  of  birds  from  their  tropical  wintering 
grounds  are  biased  in  direction  toward  the  west  by  the  prevailing  easterly  winds,  and  in 
general  follow  the  influx  of  heated  and  expanded  air  northward  into  North  America.  The 
directions  of  spring  migrations  are  closely  correlated  with  the  geostrophic  wind  patterns 
over  most  of  the  continent  in  spring.  In  fall  the  southward  migrations  appear  to  be  initially 
biased  in  direction  toward  the  east  by  the  prevailing  westerly  winds,  but  m  eastern  Canada 
and  in  the  eastern  United  States  the  flow  of  migration  is  oriented  toward  the  Southwest 
paralleling  the  Atlantic  Coast.  The  agreement  between  the  patterns  of  geostrophic  winds 
and  the  average  directions  of  migration  is  not  as  pronounced  as  in  spring,  and  several 
factors  are  probably  responsible. 

Geostrophic  winds  are  not  favorable  in  the  central  United  States  and  in  the  northeastern 
United  States  in  fall.  In  the  formet  region  the  winds  blow  northward  on  the  average,  and  in 
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the  latter  region  the  average  geostrophic  winds  blow  eastward  and  would  carry  birds  out 
over  the  Atlantic  Ocean.  Over  Florida  in  fall,  nocturnal  migrants  following  the 
geostrophic  v/inds  would  come  in  from  the  Atlantic  Ocean  and  then  move  westward  over 
the  Gulf  of  Mexico.  In  these  regions  it  is  clearly  adaptive  for  migrants  to  wait  for  favorable 
winds  blowing  in  the  general  direction  of  their  destination.  There  are  nonetheless 
numerous  cases  of  nocturnal  migrations  underway  in  seasonally  inappropriate  directions 
following  the  generalized  geostrophic  flow  (e.g.,  reversed  migration  at  night). 

The  geostrophic  circulation  patterns  as  presented  are  theoretical  and  are  based  on  the 
distribution  of  barometric  pressure  patterns  during  the  spring  and  fall  over  a  period  of 
many  years.  In  addition,  the  winds  as  diagrammed  do  not  take  into  account  the  eastward 
progress  of  cyclonic  and  anticyclonic  System  over  the  North  American  continent.  The 
actual  Overall  pattem  of  atmospheric  circulation  over  much  of  the  United  States  and 
Canada  resembles  the  monsoon  circulation  or  seasonal  wind. 

If  the  term  monsoon  is  extended  to  include  all  winds  whose  prevailing  directions  and 
velocities  undergo  distinct  alterations  as  a  result  of  seasonal  changes  in  temperature  because 
of  widespread  heating  and  cooling,  then  this  circulation  pattem  is  nearly  universal 
(Humphreys,  1940). 

However,  it  is  generally  thought  of  in  connection  with  only  those  places  where  it  is  most 
strongly  developed,  and  especially  where  the  seasonal  winds  are  more  or  less  oppositely 
directed  (India  and  southeastern  Asia,  portions  of  Africa,  Australia,  and  the  Caspian  Sea). 
In  the  United  States  the  major  monsoon  effects  are  in  the  eastern  portion,  where  the 
prevailing  winds  are  northwest  in  winter  and  Southwest  in  summer,  and  in  Texas,  where 
the  prevailing  winds  are  also  northwest  in  winter,  but  southeast  in  summer  (Humphreys, 
1940).  The  reversal  of  wind  direction  in  south-central  Canada  is  also  suggestive  of  a 
monsoon  pattem. 

Because  monsoons  depend  upon  seasonal  temperature  contrasts  between  land  and 
water,  winds  of  this  dass  must  be  most  pronounced  where  such  contrasts  are  greatest,  that 
is,  in  temperate  regions.  During  the  spring  the  number  of  cold  fronts  that  penetrate  the 
North  American  continent  and  reach  the  Gulf  of  Mexico  decreases,  and  consequently  the 
advancement  of  moist,  tropical  air  into  much  of  North  America  is  facilitated.  This  pattem 
of  increasing  southerly  flow  and  decreasing  northerly  flow  is  rather  typical  of  the 
advancement  of  the  monsoon  in  other  regions  of  the  world.  The  spring  migrations  of  birds 
from  their  wintering  areas  takes  place  with  the  advancement  of  the  tropical  air  mass. 

During  the  fall  the  number  of  cold  fronts  that  penetrate  the  continent  and  reach  the  Gulf 
of  Mexico  increases,  and  the  moist,  tropical  air  mass  is  replaced  by  a  cold,  dry  air  mass.  A 
northerly  flow  of  air  comes  to  dominate  much  of  the  North  American  continent  during  the 
winter  months,  and  freezing  temperatures  are  frequent,  a  Situation  similar  to  the  retreat  of 
the  monsoon  in  other  areas  of  the  globe.  The  fall  migrations  of  birds  from  their  breeding 
areas  are  associated  with  the  increasing  frequency  of  cold  fronts  and  the  movement  of  cold 
air  masses  southward. 

The  relationship  between  monsoon  circulation  and  the  directions  and  timing  of  bird 
migrations  is  probably  found  in  a  number  of  geographical  regions  throughout  the  world. 
Moreau  (1972:31-44)  has  discussed  bird  migration  into  and  from  Africa  in  relation  to 
wind  patterns,  and  Myres  &  Apps  (1973)  have  examined  with  radar  the  migration  of  birds 
over  the  south  coast  of  Ghina.  They  found  that  the  flights  were  directed  toward  the 
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northeast  in  spring  and  toward  the  Southwest  in  autumn.  These  directions  and  the  timing 
of  the  flights  are  in  accordance  with  the  monsoon  atmospheric  circulation  typical  of  that 
region.  Likewise,  in  Austraha,  another  continent  having  a  monsoon  circulation,  Nix 
(1976)  has  shown  that  the  timing  and  direction  of  migration  are  closely  tied  to  the  timing 
and  atmospheric  circulation  of  the  monsoon. 

Lack  (1960)  has  emphasized  that  climatic  conditions  were  and  are  a  major  selection 
pressure  in  determining  the  migration  and  breeding  seasons  of  bird  species,  and 
WiLLiAMSON  (1953)  has  suggested  that  migration  seasons  may  have  evolved  to  coincide 
with  periods  which  have  optimal  weather  and  to  avoid  those  periods  which  have  less 
favorable  conditions.  With  regard  to  the  phenology  of  migration  it  should  be  stressed  that 
it  is  the  action  of  modifying  factors  (climatic)  that  largely  determines  the  observed  annual 
variations  m  arrival  and  departure  dates  and  other  migration  phenomena  (Wiese,  1974). 
Climatic  factors  (c-g-,  large  scale  wind  and  temperature  patterns)  can  have  a  direct  effect  on 
the  phenology  of  migration  (Gauthreaux  &  LeGrand,  1975),  or  these  factors  can  also 
advance  or  retard  migration  by  their  effect  on  the  phenology  of  vegetational  change 
(Slagsvold,  1976).  Many  authors  have  repeatedly  shown  the  influence  of  temperature  on 
the  phenology  of  migration  as  evidenced  by  the  rather  dose  agreement  between  isochronal 
lines  and  isotherms  on  spring  migration  maps  (Dorst,  1962),  but  there  has  been  little 
emphasis  on  the  contribution  of  atmospheric  motion  to  the  isochronal  patterns.  Both  wind 
and  temperature  are  of  course  closely  interrelated  in  that  winds  blowing  from  warmer 
regions  of  the  globe  raise  temperatures  while  winds  blowing  from  colder  regions  lower 
temperatures.  Unlike  earlier  authors  (cf.  Lack,  1960;  Dorst,  1962:240),  more  recent 
studies  on  the  influence  of  weather  factors  on  bird  migration  have  found  that  wind  is  one 
of  the  most  influential  variables  that  explains  the  greatest  portion  of  the  day-to-day 
Variation  in  the  amount  of  bird  migration,  and  as  expected,  many  studies  have  found  that 
temperature  variables  are  nearly  as  important  (Gauthreaux,  in  press;  Richardson,  in 
press).  Thus  it  appears  that  both  the  phenology  and  the  Orientation  of  bird  migration  have 
been  and  continue  to  be  influenced  by  the  general  atmospheric  circulation,  and  changes  m 
the  pattem  of  atmospheric  circulation  have  important  climatic  and  ecological  effects  (see 
Lamb  1975;  Williamson,  1975,  1976). 
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Modifying  Influences  of  Environmental  Factors  on  a  Time-distance-program 

in  Bird  Migration 

Helmut  Klein 

There  is  evidence  indicating  that  some  first  year  migrants  might  find  their  Winter 
quarters  on  the  basis  of  vector  Orientation  i.e.,  by  migrating  in  a  specific  direction  for  a 
given  time.  This  supposition  is  supported  by  the  results  of  field  and  laboratory  experi- 
ments,  recently  reviewed  by  Emlen  (1975)  and  Gwinner  (1977).  But  as  Gwinner  (1977) 
has  pointed  out,  the  model  is  still  open  to  criticism  especially  since  a  simple  time- 
distance-program  is  probably  not  always  accurate  enough  to  terminate  migration  m  the 
natural  wmter  quarter.  For  this  reason,  and  because  there  is  hardly  any  important 
biological  process  that  is  controlled  by  one  factor  only,  one  would  expect  that  mechanisms 
exist  which  compensate  for  inaccuracies  caused  by  internal  or  external  factors.  The 
purpose  of  this  paper  is  to  outline  mechanisms  that  might  improve  the  accuracy  o  a 
time-distance-program. 

Disturbing  influences  from  the  environment 

The  most  obvious  environmental  influence  on  bird  migration  is  that  of  the  wind.  One 
must,  however,  discriminate  between  winds  that  are  highly  predictable,  hke  the  trade 
winds,  and  unpredictable  winds  caused  by  low  or  high  pressure  cells  m  mid  latitudes.  It 
seems  likely  that  the  effects  of  predictable  winds  are  incorporated  in  a  time-distance- 
program,  and  since  their  directions  are  mostly  perpendicular  to  the  direction  of  migration, 
they  are  of  minor  importance  with  respect  to  distance  measurement. 

The  influence  of  winds  during  flight  may  be  reduced  by  two  reactions.  (1)  Radar 
observations  of  Bruderer  (1971),  Steidinger  (1972)  &  Richardson  (1976)  and  others 
suggest  that  birds  tend  to  avoid  altitudes  with  unfavourable  winds  during  migratory 
flights.  (2)  Radar  studies  also  indicate  that  flying  birds  compensate  for  about  V3  to  V4  of 
the  effect  of  winds  on  direction  of  migratory  flight  by  altering  air-speed  (Bellrose  1967, 
Bruderer  1971  &  Emlen  1972). 

To  assess  the  maximum  remaining  influence  of  the  winds  of  a  low-  or  high-pressure  cell 
I  made  the  following  computations.  I  assumed  a  large,  round,  low-pressure  System  2800 
km  in  diameter  with  winds  of  50  km/h  at  flying  altitute.  A  bird  like  Sylvia  bonn  was 
considered  which  flies  for  2.5  hours  per  night,  a  realistic  average  confirmed  by  many 
laboratory  experiments  and  banding  results.  I  assumed  further  that  the  bird  might  enter  the 
wind  System  so  that  a  maximal  headshift  occurred  and  that  the  bird  would  not  compensate 
for  the  influence  of  wind  on  its  migrating  direction,  but  that  it  would  compensate  V2  of  the 
wind’s  effect,  by  decreasing  its  ground  speed.  The  calculation  then  should  give  the 
maximal  influence  of  the  wind  of  a  high  or  low  pressure  System.  I  found  that  the  maximal 
headshift  would  be  about  900  km,  which  is  only  Vio  of  the  migration  distance  for  an 
extrem ely  long  distance  migrant.  Whereas  it  is  V3  of  the  distance  of  a  short  distance 
migrant  like  a  South-German  Sylvia  atncapilla.  In  addition  it  should  be  recognized  that 
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long-distance  migrants  have  a  better  chance  to  encounter  another  wind  System  with 
opposite  effect.  From  this  I  concluded  that  the  influence  of  winds  on  the  migrating 
distance  of  a  long-distance  migrant  is  not  very  important,  whereas  it  is  of  great  importance 
to  a  short-distance  migrant. 

This  led  to  a  consideration  of  some  existing  information  from  a  new  point  of  view.  It  has 
been  known,  for  a  long  time,  that  short-distance  migrants  are  more  responsive  to  weather 
conditions  than  long-distance  migrants  (compare  Klein  et  al.  1973,  Czeschlik  1976).  So 
far  this  phenomen  has  been  discussed  only  with  respect  to  its  importance  in  escaping 
mclement  conditions  such  as  cold  or  snow  to  which  short  distance  migrants  are  in  general 
more  often  exposed  than  long  distance  migrants.  Now  it  seems  clear  that  if  short-distance 
migrants  use  vector  Orientation  it  is  important  for  them,  in  contrast  to  long-distance 
migrants,  to  avoid  migratory  flights  in  stormy  weather  since  such  could  lead  to  drastic 
errors  in  migration  distance. 

There  are  other  factors  that  influence  the  measurement  of  distance  as  strong  winds, 
heavy  rain  or  extreme  darkness  at  night  as  they  suppress  migration.  (For  references  see 
Lack  1960,  Czeschlik  1976  &  Richardson  1978).  Delays  caused  by  such  interposed 
stays  could  be  compensated  by  increased  migratory  activity  either  during  the  following 
nights  or  even  during  the  day. 


Figure  1.  The  photoperiod  ex- 
perienced  by  a  free-living  Sylvia 
borin  of  the  South-German 
breeding  population  in  the  course 
of  the  year  (continuous  line),  and 
experimental  photoperiods  after 
July  lOth.  The  dotted  bar  indi- 
cates  the  time  of  natural  migration, 
the  lined  bars  indicate  time  with 
Zugunruhe  in  the  experimental 
groups.  Experimental  data  from 
Berthold  et  al.  (1972);  data  on 
migration  from  Klein  et  al. 

(1973)  and  Klein  (1974). 


In  this  context  it  is  important  to  recognize  that  migrating  birds  seem  to  fly  neither  every 
night  during  their  migration  period  (Berthold  1978)  nor  during  the  entire  night.  We 
know  from  banding  stations  that  Sylvia  warblers  are  often  retrapped  at  the  same  Station 
during  the  same  season.  Activity  recordings  in  the  laboratory  have  shown  that  birds  have 
nights  with  almost  no  Zugunruhe  and  with  respect  to  single  nights  it  is  known  that 
Zugunruhe  rarely  persists  through  the  entire  night.  From  this  it  may  be  concluded  that 
there  is  time  for  compensatory  migratory  activity  by  increasing  the  flight  time  per  night  as 
well  as  by  adding  nights  of  migration.  Indeed  Czeschlik  (1976)  presented  data  from 
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laboratory  experiments  Sylvia  species  suggesting  that  very  dark  nights  in  which  there 
is  a  drastic  reduction  in  Zugunruhe  are  followed  by  nights  with  excessive  Zugunruhe  when 
the  light  intensity  increased.  Moreover  the  activity  is  increased  during  the  light  time  o 
following  day,  which  might  reflect  motivation  for  migration  during  daytime. 

Correcting  influences  from  the  environment 

Photop  eriod 

There  are  also  environmental  factors  that  might  improve  the  accuracy  of  the  distance 
measurement.  Here  I  might  mention  first  a  possible  influence  of  day  length  (photoperiod). 
Day  length  influences  circadian  and  circannual  clocks  in  birds  in  several  ways  (see 
Aschoff  in  this  volume).  I  hypothesize  that  a  bird  has  an  expected  value  for  photoperiod 
in  every  season  which  is  coupled  to  a  circannual  clock  and  which  is  identical  with  t  e 
photoperiod  that  it  naturally  experiences  in  the  course  of  the  year.  If  the  expected  value  is 
different  from  the  one  measured  the  circannual  clock  makes  correcting  phase  shifts.  In  this 
context  it  should  be  mentioned  that  short  photoperiods  break  photorefractormess  m 
Summer  and  autumn  (Farner  &  Lewis  1971)  and  that  relatively  short  days  have  an 
accelerating  effect  on  juvenile  development  before  aummn  Zugunruhe  (Berthold  et  al. 
1970;  Gwinner  et  al.  1971)  This  can  be  interpreted  as  an  advance  shift  of  the  circannual 
clock,  bringing  the  bird  into  a  physiological  state  that  corresponds  to  the  short  photo¬ 
period  to  which  it  is  exposed. 


Figure  2.  Same  as  Fig. 
Sylvia  atricapilla. 


for 


For  the  following  discussion  of  photoperiodic  influences  on  autumn  migration  I  use  data 
from  Berthold  et  al.  (1972).  Fig.  1  shows  the  natural  seasonal  variations  of  the 
photoperiod  experienced  by  a  Sylvia  borin  of  the  South-German  breeding  population 
together  with  the  time  of  natural  autumn  migration.  It  furthermore  gives  the  periods  of 
Zugunruhe  for  3  experimental  groups  of  warblers.  These  birds  were  kept  from  hatching 
until  July  lOth  under  natural  photoperiodic  conditions  and  then  transferred  into  Ib  :  8, 
12  :  12  or  10  :  14  respectively.  This  transfer  resulted  m  all  cases  in  a  shortening  o  tie 
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photoperiod.  As  a  consequence  in  all  3  groups  Zugunruhe  started  earlier  than  natural 
migration  would  have  started.  The  groups  in  12  :  12  and  10  :  14  started  even  earlier  than 
the  group  in  16  :  8.  Experiments  made  with5.  atricapilla  produced  similar  results  (Fig.  2). 
Gwinner  et  al.  (1971)  obtained  comparable  data  frorn  two  groups  o{ Phylloscopus  trochilus 
held  on  LD  12  :  12  and  18  :  6,  respectively  from  May  24th  onwards.  In  summary,  these 
reactions  to  short  photoperiods  in  summer  can  be  interpreted  as  mechanisms  that  advance 
the  onset  of  fall  migration  and,  hence,  improve  its  precision  if  the  internal  time  program  is 
late. 

After  the  warblers  have  started  autumn  Zugunruhe,  i.e.  after  they  have  come  into  the 
physiological  state  of  migration,  they  ,,expect”  to  experience  shorter  days  as  a  conse¬ 
quence  of  migration  (see  Fig.  1  and  2).  If  the  experienced  photoperiod  is  longer  than  the  on 
,,expected”  this  would  indicate  that  they  have  not  flown  far  enough.  Therefore  the 
circannual  clock  should  be  delayed  in  response  to  long  photoperiods.  Hence  the  birds 
should  stay  longer  in  migratory  condition,  so  that  they  would  migrate  longer  and 
consequently  for  the  correct  distance.  In  fact  the 5.  horin  and  5.  atricapilla,  held  in  16  :  8, 
showed  extremely  long  periods  with  restlessness,  while  the  others,  finding  themselves 
already  in  relatively  short  days,  ceased  restlessness  earlier.  Here  we  might  have  an  effect 
that  extends  migration  if  the  birds  are  not  at  the  right  latitude  at  the  right  time. 


DURAT/ON  OF  DAYLIGHT  IHOURS) 


Figure  3.  Duration  of  daylight 
including  civil  twilight  as  a  func- 
tion  of  latitude  for  selected 
seasons.  The  dates  during  spring 
migration  seasons  have  boxes  on 
top  of  the  curves.  Th  ose  of 
autumn  migration  have  boxes  at 
the  bottom  of  the  curves. 


So  far  photoperiodic  effects  on  the  beginning  and  maintenance  of  migration  have  been 
discussed.  For  the  following  evaluation  of  the  influences  of  day  length  on  the  termination 
of  migration  two  relationships  must  be  recognized:  (1)  As  Figure  3  shows,  the  photoperiod 
has  a  clear  and  sometimes  strong  N-S-gradient  during  most  seasons.  As  the  seasons  of 
autumn  and  spring  migration  are  of  special  interest  here,  the  selected  dates  for  the  curve  in 
Fig.  3  have  a  box  around  them.  We  see  that  during  both  migratory  periods  a  bird 
encounters  the  longer  photoperiods,  the  farther  it  goes  during  the  later  part  of  its 
migration.  Fig.  4  demonstrates  this  i or  Sylvia  horin. 

(2)  Experimental  evidence  indicates  that  a  transfer  of  warblers  to  relatively  long  days 
toward  the  end  of  the  fall  migratory  season  induces  an  earlier  termination  of  Zugunruhe 
(Klein  1974  and  Gwinner  1977).  This  reversal  of  the  response  to  a  long  photoperiod 
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occurring  during  autumn  migration,  coincides  with  the  time  at  which  the  birds  terminate 
refractoriness  and  Start  to  react  again  with  gonadal  growth  if  exposed  to  long  days  (Farner 
&  Lewis  1971).  These  effects  can,  again,  be  interpreted  as  a  advance  shifts  of  the  circannual 
clock.  Under  natural  conditions  such  reactions  could  in  effect  terminate  migration  if  the 
time-distance-program  led  a  bird  too  far. 


SEASON  (MONTHS) 


Figure  4.  Continuous  line:  pho- 
topenod  as  in  Fig.  1 ;  dashed  lines 
indicate  the  photoperiods  2i  Sylvia 
borin  would  experience  if  it 
stopped  spring  migration  at  35°N 
(S  35),  autumn  migration  at  15°S 
(S  15),  or  if  it  extended  spring 
migration  150  km/day  (E  150)  or 
autumn  migration  60  km/day  (E 
60).  The  dotted  bars  indicate  the 
times  of  natural  migration. 


Biotop 

Another  environmental  factor  that  might  influence  a  time-distance-program  is  that  of 
biotop.  Perdeck  (1964)  showed  that  migration  of  first  year  Starlings  is  hardly  influenced 
by  the  biotops  crossed  during  the  middle  part  of  their  autumn  migration.  However  during 
the  last  part  of  migration  they  stop  in  a  suitable  biotop  earlier  than  one  would  expect  from 
a  time  program,  while  unfavourable  biotops  cause  longer  migration  than  usual.  From  this 
we  may  conclude  that  biotops  may  have  extending  or  terminating  effects  during  the  last 

part  of  autumn  migration. 


Conclusions 

There  are  at  least  several  mechanisms  by  which  a  time-distance-program  could  be 
modified  to  increase  its  accuracy.  It  seems  possible  that  the  final  precision  of  such  a 
program  together  with  such  modifying  mechanisms  would  be  sufficient  for  vector- 

orientation. 
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Is  Bicoordinate  Navigation  Included  in  the  Inherited  Programme  of  the 

Migratory  Route? 

J<Zi)RGEN  KABCbh 

The  purpose  of  this  paper  is  to  discuss  in  which  way  the  migratory  route  of  a  bird  is 
inherited  as  a  programme,  and  the  question  is  whether  bicoordinate  navigation  towards  a 
moving  goal  is  included  in  this  programme. 

The  course  of  the  migratory  route  could  be  inherited  as  a  programme  in  several  ways. 
Fig.l  shows  the  two  extreme  possibilities:  a)  The  migratory  route  is  established  as  compass 
(one-direction)  Orientation  in  relation  to  one  or  several  extrinsic  cues  -  and  the  direction 
could  be  programmed  to  shift  as  a  function  of  the  season.  b)  The  other  possibility  shown  is 
bicoordinate  navigation  towards  a  goal  which  in  the  course  of  the  season  moves  down  the 
migratory  route.  Such  a  programme  involves  inherited  shifts  m  the  home  (sollwert)  values 
of  at  least  two  parameters  (coordinates)  which  together  form  a  navigatory  grid  or  niap.  The 
Programme  is  assumed  to  Start  running  at  the  breeding  ground  some  time  after  fledging.  t 
is  not  necessary  the  assume  that  the  bird  is  born  with  a  very  detailed  knowledge  of  the 
Parameters  in  the  navigation  System,  but  some  basic  information  has  of  course  to  be 
inborn.  In  the  two  lower  right  figures  of  Fig.l  we  have  shown  -  as  an  example  -  the  shifts 
in  the  home  values  of  the  two  navigational  parameters.  The  first  one  is  the  Polaris  altitude, 
the  home  value  of  which  shifts  in  the  course  of  the  season  from  a  higher  to  an  mcreasing  y 
low  value.  In  this  way  the  bird  will  be  induced  to  move  South.  Instead  of  Polaris  altitude, 
other  possible  cues  producing  a  South  movement  of  the  goal  area  could  be  a  decreasmg 
value  of  the  intensity  in  the  Earth’s  magnetic  Feld,  or  a  decreasing  angle  of  the  magnetic 
inclination.  It  is  more  difficult  to  imagine  a  programmed  shift  in  the  E-W-parameter,  but  a 
fixed  internal  clock  running  sometimes  faster  and  sometimes  slower  than  24  hours  could  be 
considered.  A  combination  of  the  two  shifting  home  values  shown  m  Fig.l  will  produce  a 
goal  area  moving  down  the  migratory  route  shown  to  the  left. 

A  third  possibility  is  vector  navigation  (Wallraff  1972),  which  could  be  considered  as 
an  extension  of  compass  Orientation.  Vector  navigation  involves  the  knowledge  of  both 
direction  and  length  of  the  migratory  route.  Length  per  se  cannot  be  programmed,  but  ma 
complex  manner  it  is  the  product  of  flight  speed  distribution  and  time  spent  migratmg.  e 
duration  and  amount  of  migratory  restlessness  in  caged  migrant  warblers  is  positive  y 
correlated  with  length  of  the  migratory  route  (e.g.  Berthold  1975).  It  seems  most  hkely 
that  many  migrant  species  are  endowed  with  such  an  inherited  programme  based  on  vector 
navigation  -  but  this  does  not  necessarily  preclude  the  presence  of  another  and  more 
elaborate  System  based  on  bicoordinate  navigation  towards  a  moving  goal  area. 

How  could  we  demonstrate  the  presence  of  bicoordinate  navigation  in  the  inherited 
migratory  programme?  Until  recently  it  was  claimed  that  the  process  of  bicoordinate 
navigation  could  be  demonstrated  by  the  reaction  or  orientation  followmg  a  geographical 
displacement.  If  the  bird  compensated  for  the  displacement  (i.e.  was  oriented  towards  its 
breeding  ground,  wintering  area,  or  migratory  route)  bicoordinate  navigation  was 

demonstrated. 

Zoological  Laboratory,  Universitetsparken  15,  2100  Copenhagen,  Denmark 
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As  shown  in  Fig.2  a  compensatory  reaction  could  however  be  established  in  several 
ways.  It  could  be  bicoordinate  navigation  towards  a  goal  normally  ahead  of  the  trapping 
Position  (A),  or  it  could  involve  a  reverse  vector  from  the  displaced  position  (B)  to  A  in 
Connection  with  a  compass  Orientation  vector  in  the  Standard  direction. 

A  reverse  vector  may  arise  in  two  different  ways:  a)  The  direction  or  angle  of 
displacement  is  measured  in  relation  to  an  extrinsic  cue  or  reference  System  such  as  the 
Earth’s  magnetic  field.  Furthermore,  the  length  of  the  displacement  has  to  be  estimated  in 
some  inertial  way.  b)  The  position  of  A  in  a  navigatory  coordinate  System  is  remembered 
and  compared  with  the  position  of  B. 


one-direction  Orientation 


Figure  1 .  In  the  upper  right  is  shown  a  programme  based  on  compass  (one-direction)  Orientation.  The 
Programme  enables  the  bird  to  move  down  the  curved  migratory  route  to  the  left.  To  the  lower  right 
is  shown  an  example  of  a  navigational  programme  designed  for  the  same  purpose. 


For  carefully  selected  displacements  it  should  be  possible  to  distinguish  between  the 
different  models.  The  idea  of  such  an  experiment  is  a  retention  of  the  bird  for  a  long  time  in 
the  displaced  position  (B).  As  supposed  by  W.  Wiltschko  (in  Rab<6l  1972)  the  relative 
strength  of  the  reverse  vector  (compared  to  the  Standard  direction  vector)  should  decrease 
in  course  of  the  time  elapsed  since  the  displacement.  According  to  this  expectation  and  for 
most  displacements  the  resultant  vector  in  B  will  shift  gradually  and  more  or  less  towards 
the  wintering  area.  This  development  cannot  be  distinguished  from  bicoordinate  naviga¬ 
tion  towards  a  goal  area  which  in  the  course  of  the  season  moves  down  the  migratory  route 
and  ends  up  in  the  wintering  area.  In  the  case  of  a  very  curved  migratory  route  (Rab(/)L 
1978)  or  if  the  bird  is  displaced  beyond  its  wintering  area  the  Orientation  will  develop 
differently  according  to  which  programme  is  employed.  Fig.3  could  be  autumn  displace- 
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ment  experiments  with  Robins  {Erithacus  rubecula)  from  Denmark  to  the  Canary  Islands. 
As  shown  to  the  right  in  the  figure  the  Orientation  develops  very  differently  according  to 
the  inherited  migratory  programme  in  use. 

Unfortunately  there  have  been  very  few  well  designed  displacement  experiments  with 
migrant  birds.  The  several  investigations  concerning  pigeon  hommg  and  the  effect  of  the 
outward  journey  on  the  departure  directions  (e.g.  Papi  et  al.  1973,  1978;  Fiaschi  & 
Wagner  1976)  have  shown  at  least  some  influence  of  the  outward  journey. 


'^Coord  X2 
'A 


Coord.  X 


A 


o^.^Displ. 


B 


Figure  2.  To  the  left  is  shown  a 
migratory  route  directed  towards 
the  S  (180°).  Migrants  trapped  en 
route  in  A  are  displaced  to  B 
(115°).  The  Orientation  now  shifts 
from  180°  m  A  to  230°  m  B. 
To  the  right  are  shown  the  three 
explanations  for  this  directional 
shift.  The  upper  figure  shows 
bicoordinate  navigation  towards 
a  goal  area  on  the  migratory 
route.  In  the  middle  a  reverse 
vector  towards  A  (295°)  establish- 
ed  during  the  outward  journey  in 
relation  to  e.g.  magnetic  North 
Works  together  with  a  Standard 
direction  vector  towards  180°. 
The  resultant  vector  pomts  to¬ 
wards  230°.  In  the  lower  figure 
the  reverse  vector  from  B  to  A  is 
established  as  bicoordinate  navi¬ 
gation  m  B.  Also  m  this  case  the 
reverse  vector  works  together 
with  a  Standard  direction  vector 
towards  180°. 


As  discussed  by  Rabcäl  (1978)  simulated  displacements,  recovery  patterns  of  nnged 
birds,  and  the  reverse  aummn  tracks  ln  Western  Europe  of  S.benan  vagrants  are  al 
.ndicative  -  at  least  partly  -  of  the  presence  of  bicoordinate  nav.gat.on  towards  a  goal 

inherited  as  a  programme. 

A  final  indication  of  the  presence  of  a  navigation  System  could  be  the  often  observed 
bimodal  Orientation  and/or  Orientation  at  right  angles  to  the  Standard  d.rection  in  the  early 
and  late  migratory  season,  and  under  conditions  of  msufficient  cue  " 

presumed  low  migratory  drive  (e.g.  Emlen  1975,  Raböl  unpubh).  Many  of  these 
observations  are  difficult  to  Interpret  in  terms  of  compass  or  vector  navigation,  and  a  1 
some  of  the  observations  are  indicative  of  the  O-axis  hypothesis  of  Wallraff  (1974).Th,s 
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hypothesis  has  consequences  which  can  be  tested  by  displacement  and  retention  experi- 
ments.  At  least  in  long  distance  migrants  we  should  expect  a  worldwide  navigation  System 
where  the  Coordinates  are  directed  N-S,  and  E-W  -  or  dose  there  to.  The  latter  coordinate 
should  constitute  the  O-axis.  The  departure  directions  of  homing  pigeons  (Windsor  1975, 
Wallraff  1974)  do  not  fit  well  into  this  expectation  as  they  converge  towards  an  area 
NNW  of  the  home  site.  Perhaps  pigeons  are  navigating  in  a  more  local  System,  or  the 
O-axis  is  N-S. 


Figure  3.  The  fully  drawn  arrow  to  the  left  is  a  migratory  route  directed  towards  SSW  (202^/2°). 
Migrants  trapped  in  A  are  displaced  along  the  hatched  line  to  B  (215°),  and  successive  experiments  are 
carried  out  in  B  to  the  end  of  the  autumn  migratory  season.  To  the  right  is  shown  the  development  in 
the  Orientation  in  B.  If  the  birds  navigate  towards  a  goal  area  which  in  the  course  of  the  season  moves 
down  the  migratory  route  the  Orientation  will  shift  just  slightly  clockwise  (the  fully  drawn  line).  If  the 
Orientation  in  B  is  a  resultant  of  a  Standard  direction  vector  towards  202  V2°  and  a  reverse  vector  from 
B  to  A  (towards  35°)  which  diminishes  in  strength  in  the  course  of  the  season  the  Orientation  in  B 
could  shift  more  or  less  as  denoted  by  the  hatched  line.  At  least  in  the  end  of  the  season  the  Orientation 
should  be  more  or  less  southerly  and  easily  distinguished  from  a  ENE  navigation  towards  the 

wintering  area. 


In  conclusion,  there  are  several  indications  of  a  more  complex  System  inherited  as  a 
Programme  rather  than  just  compass  or  vector  Orientation.  However,  the  different  Systems 
do  not  preclude  each  other  and  the  treatment  of  the  birds  and  the  experimental  design  seem 
to  have  profound  influence  on  the  results  obtained.  Bird  migration  is  a  complex  affair  and 
most  questions  asked  by  scientists  are  so  simple  and  naive  that  the  birds  are  given  no 
chance  of  answering  in  a  clear  and  balanced  way. 
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Evidence  on  Migratory  Orientation  from  Radar  and  Visual  Observations: 

North  America 

Kenneth  P.  Able 
Introduction 

Visual  and  radar  observations  of  migrating  birds  have  been  of  vital  importance  to  the 
development  of  current  understanding  of  Orientation  behavior.  It  was  largely  data  from 
radar  studies  which  showed  that  the  early  models  of  Orientation  based  on  single  visual  cues 
(sun  or  Stars)  were  not  sufficient  to  explain  the  behavior  of  migrants  in  nature.  The  later 
realization  that  considerable  redundancy  exists  in  compass  and  perhaps  navigation  Systems 
(see  Keeton,  1974,  Emlen,  1975  for  reviews)  makes  critical  observation  of  free-flying 
migrants  all  the  more  important.  Only  in  the  field  is  the  full  ränge  of  Orientation 
capabilities  likely  to  be  expressed.  Therefore,  it  will  become  increasingly  important  to  base 
experiments  on  knowledge  of  field  orientation  and  to  devise  experiments  that  can  be 
perform ed  with  free-flying  birds. 

Field  data  bear  primarily  on  two  aspects  of  migratory  orientation:  influences  on 
orientation  direction  per  se,  and  data  concerning  the  accuracy  of  orientation.  The 
following  discussion  will  focus  primarily  on  these  two  areas.  Furth  er,  I  will  emphasize 
nocturnal  migration  because  that  is  where  orientation  abilities  seem  to  be  put  to  the 
greatest  test  and  because  most  of  the  available  data  pertain  to  night  migrants. 

Orientation  direction 

Stars 

Studies  of  migrants  in  orientation  cages  have  shown  unequivocally  that  birds  can  use  star 
patterns  for  compass  orientation.  Under  free-flight  conditions,  however,  visible  stars  are 
not  necessary  for  appropriately  directed  migratory  flight  (Emlen,  1975,  and  references 
cited  therein).  Apparent  selection  of  an  appropriate  direction  has  also  been  reported  under 
solid  overcast  (Bellrose  &  Gräber,  1963;  Drury  &  Nisbet,  1964;  Nisbet  &  Drury, 
1967;  Bellrose,  1967;  Cochran,  et  al.  1967;  Gauthreaux,  1971).  Indeed,  even  birds 
flying  within  clouds  were  usually  moving  in  the  normal  seasonal  directions  and  most 
headed  to  the  appropriate  side  of  downwind  to  bring  their  tracks  closer  to  this  direction 
(Griffin,  1972,  1973). 

Most  of  the  available  field  data  refers  to  birds  flying  beneath  cloud  layers  and  to  birds 
that  initiated  migration  at  some  distance  from  the  point  of  observation.  Most  of  the  birds 
that  have  been  observed,  therefore,  may  simply  have  been  maintaining  an  orientation 
established  many  hours  and  kilometers  earlier  (cf.  Emlen,  1975).  This  might  be  easily 
accomplished  by  reference  to  landmarks  or  wind  direction  (see  below). 

Data  on  the  selection  of  flight  direction  under  precisely  known  weather  conditions  are 
critical  to  an  evaluation  of  the  importance  of  stars  or  other  visual  cues.  Emlen  &  Demong 
(1978)  released  White-throated  Sparrows  (Zonotrichia  alhicollis)  carried  aloft  by  balloon 
under  solid  overcast  skies  at  night.  While  their  orientation  was  not  as  accurate  as  birds 
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released  under  clear  skies  and  it  took  them  longer  to  establish  a  consistent  heading,  10  of  13 
birds  selected  a  meaningful  migratory  bearing.  My  own  data  on  tracks  under  overcast  are 
outlined  in  the  following  section. 

Sun 

Whereas  the  existence  of  a  time-compensated  sun  compass  in  some  birds  has  been 
known  for  decades,  the  role  of  the  sun  in  migratory  Orientation,  especially  in  nocturnal 
migrants,  has  been  largely  ignored.  A  few  species  of  nocturnal  migrants  are  known  to 
possess  a  functional  sun  compass  (von  St.  Paul,  1953;  Able  &  Dillon  1977)  and  recent 
Orientation  cage  experiments  (Moore,  1978;  Bingman  &  Able,  MS.)  have  confirmed 
Kramer’s  (1949)  early  Suggestion  that  a  view  of  the  sun  near  sunset  was  important  to 
subsequent  nocturnal  Orientation. 

Field  data  relevant  to  this  hypothesis  are  few,  but  they  constitute  some  of  the  most 
important  recent  findings  from  field  studies  of  migratory  orientation.  In  eastern  New  York 
I  have  radar  tracked  migrants  under  a  variety  of  carefully  documented  environmental 
conditions.  Appropriate  seasonal  migratory  directions  were  observed  when  the  birds  could 
see  Stars  or  had  seen  the  sun  near  sunset.  When  neither  of  these  visual  cues  was  available 
the  birds  oriented  downwind  even  when  this  resulted  in  flight  in  seasonally  inappropriate 
directions  (Able,  1978,  MS.).  Emlen  &  Demong  (1978)  released  and  tracked  White- 
throated  Sparrows  (Zonotrichia  albicollis)  during  early  twilight  when  neither  the  sun 
nor  Stars  were  directly  visible.  The  sparrows  initiated  well-oriented  migratory  flights, 
presumably  based  on  the  glow  of  sunset  in  the  western  sky.  These  results  and  others 
discussed  below  suggest  that  the  sun  plays  a  more  important  role  in  nocturnal  migratory 
orientation  than  has  been  previously  appreciated. 

Wind  direction 

Wind  affects  migrants  in  three  ways:  1)  it  may  influence  the  probability  that  an 
individual  will  initiate  migration  on  a  given  night,  thereby  giving  rise  to  strong  correlations 
between  nightly  migration  magnitude  and  wind  direction;  2)  flying  birds  may  be  drifted  by 
lateral  wind  components;  3)  wind  may  be  used  as  a  directional  cue. 

In  the  inland  southeastern  United  States  both  spring  and  fall  passerine  migrants  virtually 
always  Orient  downwind  even  when  this  results  in  flights  in  seasonally  inappropriate 
directions  (Gauthreaux  &  Able,  1970;  Able,  1974a,  b).  This  behavior  does  not  generally 
occur  among  birds  departing  from  Florida  in  autumn  (Williams,  et  ah,  1977)  nor  in  the 
northeastern  United  States  (Drury  &  Nisbet,  1964;  Nisbet  &  Drury,  1967;  Richard- 
SON,  1971,  1972;  Able,  1974b)  or  the  Caribbean  area  (Richardson,  1974,  1976). 

Even  in  regions  where  passerine  migrants  do  not  always  fly  downwind,  so-called 
reversed  migrations  are  a  regulär  occurrence  (Lowery  &  Newman,  1955,  1966;  Drury  & 
Keith,  1962;  Drury  &  Nisbet,  1964;  Nisbet  &  Drury,  1967;  Richardson,  1971,  1972, 
Able,  1974b;  1978).  In  fact,  these  movements  occur  in  many  directions,  not  simply 
opposite  the  normal  seasonal  flow,  and  they  may  represent  several  quite  different 
behaviors.  Virtually  all  reported  migrations  in  reversed  or  other  inexplicable  directions 
involved  downwind  flight.  They  sometimes  involve  substantial  overwater^  flights 
(Richardson,  1972)  and  although  usually  of  smaller  magnitude  than  “forward”  migra¬ 
tion,  reversed  migrations  often  include  many  thousands  of  birds. 
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In  regions  such  as  the  northeastern  United  States  where  migration  in  the  normal  seasonal 
directions  often  occurs  in  headwinds,  the  factors  associated  with  reversed  and  other 
inexplicable  Orientation  need  to  be  examined  carefully.  In  eastern  New  York  I  have  been 
using  a  short-range  tracking  radar  during  nine  migration  seasons.  Forward  migration  often 
occurs  at  large  angles  to  the  wind  or  even  into  headwinds  (Able,  1974b,  1978).  Downwind 
flight  in  reversed  or  peculiar  directions  occurs  almost  exclusively  under  solid  overcast  skies 
that  have  also  prevented  the  birds  from  seeing  the  sun  late  in  the  day  (see  above)  (Able, 
1978).  CocHRAN  et  al.  (1967)  radio  tracked  four  thrushes  that  initiated  migration  under 
overcast  and  in  winds  counter  to  the  normal  migration  direction.  These  birds  also  migrated 
downwind. 

A  bird  that  does  not  Orient  directly  with  or  into  the  wind  will  follow  a  track  over  the 
ground  that  is  different  from  its  air  velocity.  There  has  been  much  discussion  m  the 
literature  concerning  whether  such  birds  are  heading  toward  their  presumed  migratory 
goal  and  being  drifted  by  the  lateral  wind  component  or  are  adjusting  their  air  velocity 
such  that  their  path  over  the  ground  (track)  is  constantly  toward  the  goal.  In  fact,  no 
unequivocal  conclusion  can  be  reached  unless  the  goals  of  birds  obseiwed  are  actually 
known  and  this  has  virtually  never  been  the  case. 

In  the  United  States,  Drury  &  Nisbet  (1964),  Nisbet  &  Drury  (1967),  Bellrose  & 
Gräber  (1963),  Bellrose  (1967)  and  Richardson  (1971,  1972)  concluded  that  passerine 
nocturnal  migrants  corrected  for  drift  while  in  flight.  Gauthreaux  (1972),  Able  (1974b) 
and  Williams  et  al.  (1972,  1977)  obtained  evidence  of  passive  drift.  Whereas  all  may  be 
correct,  the  evidence  is  circumstantial  and  the  conclusions  based  on  assumptions  about 
goal  directions  or  their  constancy  from  night  to  night. 

Less  ambiguous  evidence  of  drift  was  obtained  in  birds  descending  through  zones  of 
changing  winds  (Williams  et  ah,  1972),  but  the  birds  were  flying  between  opaque  cloud 
layers.  Emlen  &  Demong  (1978)  observed  eastward  tracks  of  White-throated  Sparrows 
released  from  Wallops  Island,  Virginia.  These  birds  were  heading  northward  in  strong 
cross  winds  and  were  certainly  being  drifted.  Finally,  the  frequent  occurrence  of  certain 
migrant  species  offshore  from  North  America  in  both  the  Atlantic  and  Pacific  Oceans 
(Baird  &  Nisbet,  1960;  Ralph,  1971;  DcSante,  1973;  Able,  1977)  and  the  long-range 
displacement  of  even  fast-flying  species  (Nisbet,  1959,  1963;  Bagg,  1967)  provide  indirect 
evidence  for  the  occurrence  of  wind  drift. 

Magnetic  cues 

There  is  very  little  direct  evidence  that  the  Orientation  direction  of  free-flying  migrants  is 
influenced  by  magnetic  information.  The  only  available  data  are  slight  and  perhaps 
biologically  insignificant  counterclockwise  changes  in  direction  correlated  with  magnetic 
storm  intensity  (K-indices)  (Richardson,  1976;  Moore,  1977). 


Landmarks 

There  is  a  strong  general  concensus  that  nocturnal  migrants  are  usually  not  influenced  by 
topographic  features  or  other  cues  on  the  ground.  The  evidence  usually  consists  of 
observations  of  migrants  passing  over  coastlines,  islands  or  other  major  landmarks  without 
changing  course.  There  are  a  few  exceptions  to  this  general  pattem  (Lowery  &  Newman, 
1966;  Gauthreaux,  pers.  comm.;  Richardson,  MS.),  and  the  behavior  of  night  migrants 
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in  response  to  major  landmarks  may  depend  on  geographic  locality  or  the  motivation  of 
the  birds.  Landmarks  may  well  be  important  in  subtler  behavior  (e.g.  gauging  wind  drift), 
but  data  are  few. 


Orientation  accuracy 


Effects  of  overcast 

The  behavior  of  birds  migrating  under  solid  overcast  skies  provides  a  test  of  the 
importance  of  celestial  cues  in  the  maintenance  of  Orientation.  Virtually  all  surveillance 
radar  and  ceilometer  data  are  consistent  in  showing  that  birds  do  not  become  disoriented 
under  solid  overcast  (reviewed  in  Emlen,  1975),  although  the  magnitude  of  migration  is 
often  reduced  (see  Richardson,  1978).  The  very  rare  instances  of  disonentation  observed 
in  the  field  have  been  associated  with  low  overcast,  fog  or  rain. 

Even  under  very  unfavorable  conditions,  individual  birds  seem  able  to  maintain  straight 
and  level  flight.  Williams  et  al.  (1972)  and  Griffin  (1972,  1973)  have  obtamed 
surprisingly  straight  and  level  tracks  from  birds  flying  between  and  within  cloud  layers. 
With  a  10-cm  tracking  radar  I  have  been  able  to  obtain  a  few  tracks  of  birds  that  initiated 
migration  under  solid,  low  overcast  and  were  tracked  as  they  flew  through  light  rain.  All 
have  been  as  straight  and  level  as  migrants  under  optimal  conditions. 

Detailed  tracking  radar  studies  have  recently  revealed  some  subtle  effects  of  overcast  on 
the  accuracy  of  orientation.  I  have  compared  the  headings  of  passerines  flying  under  solid 
overcast  with  those  under  clear  skies.  In  general,  there  is  greater  variance  among  headings 
on  overcast  nights  and  occasionally  the  degree  of  orientation  of  the  population  of  migrants 
aloft  is  greatly  deteriorated.  However,  the  individual  birds  comprising  these  flights  yielded 
tracks  as  straight  as  those  under  clear  skies  and  their  headings  were  very  consistent  within 
tracks.  The  decrease  in  the  accuracy  of  orientation  under  overcast  was  due,  then,  to 
variance  in  headings  among  birds. 

A  small,  but  growing,  body  of  data  suggests  that  overcast  of  several  days’  duration  has 
more  profound  effects  on  orientation.  Hebrard  (1972)  witnessed  a  large  increase  in  the 
variance  among  tracks  of  fall  migrants  departing  Southern  Louisiana  following  over  24  hrs. 
of  solid  overcast.  Emlen  &  Demong  (MS.)  observed  a  drastic  increase  in  the  spread  of 
flight  directions  of  nocturnal  migrants  over  Wallops  Island,  Virginia,  during  8  days  of 
nearly  continuous  overcast.  A  brief  break  in  the  clouds  in  the  late  afternoon  of  the  fifth  day 
was  followed  by  an  improvement  in  directionality.  I  observed  a  similar  deterioration  in 
orientation  during  5  days  of  continuous  overcast  in  September,  1977. 

While  the  evidence  is  by  no  means  conclusive,  the  data  suggest  that  over  the  short  lun 
birds  may  rely  on  back-up  directional  cues  (e.g.,  wind  direction)  or  transfer  information 
from  one  cue  System  to  another.  Over  periods  of  two  or  more  days  without  a  view  of 
either  sun  or  stars,  this  ability  seems  to  wane  and  the  directions  selected  by  the  individual 
birds  become  increasingly  dispersed,  although  each  remains  capable  of  maintaining  straight 

and  level  flight. 

Magnetic  disturbances 

Several  studies  failed  to  reveal  any  relationship  between  the  degree  of  orientation  of 
migrants  and  the  intensity  of  natural  magnetic  storms  (Able,  1974a;  Richardson,  1974, 
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1976) .  However,  the  effect,  if  any,  is  likely  to  be  very  subtle  and  a  large  data  set  with  a 
large  number  of  high  K  values  may  be  necessary  to  detect  it  above  other  variability.  The 
only  report  of  a  positive  correlation  between  spread  in  flight  directions  and  magnetic 
disturbance  is  Moore’s  (1977)  analysis  of  Ceilometer  data  from  the  southeastern  United 
States.  Larkin  &  Sutherland  (1977)  tracked  nocturnal  migrants  passing  over  the 
Underground  antenna  of  Project  Seafarer  (Wisconsin),  and  found  that  birds  were  more 
likely  to  turn  or  change  altitude  when  its  A-C  field  was  being  turned  on  or  off. 

Discussion 

If  the  field  data  on  migratory  Orientation  in  North  America  show  anything,  it  is  that  the 
behavior  is  complex  and  variable.  Depending  upon  where  they  are  in  the  migratory 
journey,  birds  respond  differently  to  directional  cues.  In  the  inland  southeastern  United 
States  passerines  rely  on  wind  direction  to  the  exclusion  of  other  available  information.  At 
higher  latitudes,  where  general  wind  patterns  are  less  favourable,  down  wind  flight  in  other 
than  the  normal  migration  direction  is  rare  and  seems  to  occur  primarily  when  the  birds  are 
unable  to  see  sun  or  stars.  The  widely  varying  data  on  wind  drift  may  also  be  partly 
explicable  in  the  same  way.  Individuals  of  species  not  adapted  to  make  long  overwater 
flights  must  avoid  being  drifted  a  offshore,  e.g.,  from  New  England.  We  might  expect 
these  birds,  which  normally  move  southwestward  parallel  to  the  coast,  to  correct  for 
lateral  drift  when  in  Coastal  areas  and  this  behavior  might  be  facilitated  by  the  use  of  Coastal 
landmarks.  At  other  points  along  the  route  or  in  other  regions,  drift  poses  no  threat  and  it 
may  be  more  efficient  to  undergo  some  displacement.  Indeed,  Williams  &  Williams 
(1978)  have  shown  that  the  trans-Atlantic  flights  of  passerines  may  be  possible  only  because 
the  birds  maintain  a  constant  southeast  heading,  taking  advantage  of  easterly  trade  winds 
to  drift  them  toward  the  South  American  continent.  Although  there  is  no  evidence  that 
migrants  employ  goal-directed  navigation  during  all  phases  of  their  migration,  the 
evolution  of  these  spatially  varying  flight  strategies  requires  that  the  birds  assess  at  least 
general  information  about  their  location. 

A  somewhat  greater  degree  of  sophistication  may  be  involved  in  cases  where  migrants 
reorient  to  compensate  for  displacements  or  flight  over  the  ocean.  In  Coastal  situations  this 
behavior  is  of  regulär  occurrence  (e.g.,  Baird  &  Nisbet,  1960;  DeSANTE,  1973; 
Richardson,  ms.)  and  is  of  obvious  adaptive  value.  Recent  observations  in  the 
southeastern  United  States  (Gauthreaux,  1978)  suggest  that  the  same  phenomenon  may 
occur  inland  although  the  adaptive  significance  is  much  less  obvious.  It  is  perhaps 
consistent  that  morning  reorientation  seems  not  to  occur  far  inland  in  the  northeastern 
States  where  birds  appear  to  be  subjected  to  wind  displacement  much  less  frequently. 
These  behaviors  can  also  be  explained  without  invoking  navigation  (Emlen,  1975;  Able, 

1977) . 

Perhaps  the  greatest  shortcoming  of  nearly  all  field  studies,  especially  studies  of 
nocturnal  migration  and  those  employing  radar,  is  that  species  and  age  classes  cannot  be 
discriminated.  However,  a  few  major  differences  in  behavior  have  been  documented:  e.g., 
the  flight  directions  of  shorebirds  and  waterfowl  are  less  influenced  by  wind  direction  than 
those  of  passerines  (Able,  1974a);  some  species  regularly  make  a  trans-Atlantic  Crossing  to 
South  America  in  autumn  whereas  others  migrate  coastwise  (Nisbet,  1970;  Richardson, 
1974,  1976;  Williams  &  Williams,  1978).  Orientation  behavior  is  also  known  to  require 
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experience  for  proper  development  (see  Wiltschko’s  review  In  this  volume).  If  our  data 
could  be  sorted  in  the  basis  of  species  and  age,  much  variability  might  be  explained.  At 
present  these  problems  seem  approachable  only  by  carefully  combining  experimental  and 

observational  techniques. 

The  data  from  field  studies  in  North  America  indicate  that  migratory  orientation  is  a 
complex,  highly  sophisticated  behavior.  There  is  considerable  Support  for  the  idea  that 
migrants  are  equipped  with  several  back-up  compass  Systems  and  recently  some  clues  have 
been  obtained  as  to  how  these  cues  relate  to  one  another.  For  many  years  there  have  been 
tantalizing  suggestions  that  migrants  employ  non-visual  orientation  mechanisms. 
However,  to  date  there  is  no  field  evidence  directly  suggesting  what  they  might  be. 
Magnetic  orientation  has  been  shown  under  controlled  conditions,  but  there  is  no  evidence 
that  migrants  use  magnetic  cues  during  flight,  although  proper  and  sufficient  attempts  to 
find  such  effects  have  not  been  made. 
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Introduction 

North  American  migrants  seem  to  follow  the  large-scale  average  wind  pattem  in 
extensive  loop  migrations  (cf.  Gauthreaux  1979).  In  Europe,  however,  Ae  complicate 
distribution  of  land,  water  and  mountain  areas,  the  course  of  the  winter  isotherms 
(favouring  perpendicular  paths  of  migration),  the  rapid  eastward  movement  of  cyclones 
with  the  temperate  westerlies,  and  local  effects  (as  leading-lines  and  local  wmds)  lead  to  a 
much  more  complex  migratory  System. 

Radar  evidence  on  migratory  Orientation  was  reviewed  by  Lack  (1962).  The  present 
paper  summarizes  new  evidence  and  ideas  arising  from  radar  observations  in  Europe,  with 
special  emphasis  on  passerine  migration.  In  Order  to  reduce  the  number  of  references,  I 
omit  publications  prior  to  Lack’s  review  and  refer  to  Eastwood’s  (1967)  Radar 
Ornithology”  for  all  papers  cited  therein  (by  the  indication  “in  e”).  I  hmit  my  hst  of 
references  to  subsequent  publications  without  attempting  a  complete  review. 

Directional  pattem  of  migration  in  Europe 

Lack  (l.c.)  mentioned  five  cases  of  large  scale  directional  changes  in  the  European- 
African  bird  migration  System  (Norwegian  coelebs,  Calidris  canutus  immigration 

to  Britain,  British  long-distance  migrants  across  the  Channel,  and  winter  guests  to  tropical 
Africa  needing  to  change  direction  in  the  western  or  eastern  Mediterranean,  respectively). 
He  suggested  that  these  shifts  in  Standard  direction  might  be  released  according  to  an 
innate  program  after  a  given  time  or  distance  flown,  or  when  the  birds  reach  a  given 

latitude. 

The  additional  radar  Information,  very  coarsely  summarized  in  Fig.  1,  combined  with 
ringing  results,  indicate  that  directional  changes  might  be  a  common  feature  of  migration 

throughout  Europe: 

a)  Passerine  night  migrants  leaving  Norway  with  following  winds  reach  the  British 
Islands  with  directions  around  SW/SSW;  when  drifted  by  easterly  to  southerly  winds  they 
arrive  on  a  WSW  or  even  W  course.  Departures  from  eastern  Scotland  and  northeastern 
England  suggested  that  at  least  part  of  these  migrants  redetermine  their  migration  later 
towards  directions  around  SSE  (Myres  1964  in  e,  Wilcock  1965  in  e,  Evans  1966  in  e). 
They  are  joined  by  migrants  from  Iceland  (first  on  a  SE  course)  and  Greenland  (mitially  on 
a  ESE  course)  (Lee  1963  in  e),  and  by  the  British  summer  residents,  leaving  Britain  largely 
on  a  SSE/SE  course,  later  turning  SW  on  the  Continent  (Lack  &  Easwood  1962  in  e).  In 
contrast  to  the  early  autumn  emigration  the  proportion  of  late  spring  Immigration  from  the 
SSE  is  small,  indicating  that  (experienced?)  migrants  tend  to  minimize  detours  in  spring  or 
dose  to  their  goal  areas  (cf.  tables  in  Lack  1963  m  e). 

b)  In  Southern  Sweden  (Alerstam  1972,  Alerstam  &  Ulfstrand  1972,  1975, 
Alerstam  1975,  1976)  and  in  eastern  Denmark  (Rab^il  et  al.  1971 ,  1972)  a  strong  and  very 
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frequent  SE/SSE  night  emigration  (with  a  large  porportion  of  thrushes)  takes  place  in 
autumn.  Even  more  pronounced  than  in  England,  these  SSE  movements  fall  to  find  an 
equivalent  in  spring,  and  they  seem  to  be  too  large  to  be  explained  by  Scandinavian 
Summer  residents  wintering  to  the  SE.  This  suggests  that  additional  populations  from  E  of 
the  Baltic,  and  Scandinavian  birds  with  winterquarters  to  the  S/SW  may  be  involved. 

c)  In  spring  and  autumn  the  main  stream  of  migrants  along  the  Swiss  Alps  deviates  by 
about  30°  from  the  directions  of  comparable  ringing  recoveries,  suggesting  a  preference  for 
flights  parallel  to  the  Alps,  possibly  as  an  evolutionary  adaptation  to  the  prevailing  winds 
in  this  area  (Bruderer  1978). 

d)  In  the  Mediterranean  a  migratory  divide  is  indicated  at  similar  longitude  as 
documented  by  ringing  recoveries  for  northern  Europe,  and  slight  hints  to  changes  in 
directions  at  the  W  coast  of  Iberia  are  available  (Casement  1966  in  e).  However,  according 
to  Houghton  (1970)  the  directions  at  Gibraltar  depend  to  a  high  degree  on  actual  winds. 


Figure  1.  The  main  directions  of 
autumn  migration  are  indicated  by 
arrows  (according  to  pubUcations 
mentioned  in  the  text).  Dashed  lines 
indicate  assumed  flight  paths  (accord¬ 
ing  to  ringing  results).  The  dash- 
point  line  is  the  winter  isotherm  of  0° 
(bent  northward  in  western  Europe 
by  the  warming  effect  of  the  Gulf 
Stream).  The  topographical  complex- 
ity  of  the  Continent  is  emphasized  by 
the  main  ranges  of  the  Cenozoic  oro- 
genic  beit. 


Winddrift  and  preference  for  following  winds 

The  best  and  apparently  most  often  used  means  to  avoid  involuntary  deviations  by  drift 
is  to  reduce  migratory  activity  in  unfavourable  winds.  Furthermore,  there  is  good  evidence 
that  birds  migrating  in  undisturbed  weather  are  concentrated  at  levels  with  most  favorable 
winds  (Bruderer  1971,  Bruderer  &  Steidinger  1972).  Düring  nights  with  different 
wind  directions  at  different  levels,  birds  select  altitudes  with  winds  dosest  to  their  tracks 
(Steidinger  1972,  Bruderer  1975).  Tracking  of  single  migrants  on  nights  with  unfavour- 
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able  Winds  showed  that  most  of  the  few  birds  aloft  were  climbing  or  descending  (what 
could  be  interpreted  as  search  for  more  favorable  conditions;  Bruderer  in  prep.)-  A  thir 
possibility  is  partial  compensation  for  wind  speed  (Bruderer  1971). 

Gases  where  preferred  tracks  and  wind  direction  coincide  exactly  are  rare,  and  the 
question  arises  whether  the  birds  tend  to  compensate  for  this  lateral  displacement  a)  within 
the  main  part  of  the  flight,  b)  towards  the  end  of  it,  c)  on  a  subsequent  take-off ,  or  d)  not  at 

all. 

Alerstam  (1976b)  recalculated  the  published  data  on  drift  effects  and  concluded  that  all 
the  reported  cases  of  drift  over  land  can  to  a  large  extent  be  explained  by  pseudodrift  (i.e. 
migration  of  different  populations  when  winds  are  favourable  for  them;  cf.  also  Evans 
1966  in  E,  Lack  1969).  Real  drift  (partial  or  complete)  had  to  be  assumed  over  sea  (cf.  the 
North  Sea  movements  cited  above,  e.g.  Parslow  1969).  Alerstam  &  Petterson  (1977) 
demonstrated  that  the  amount  of  drift  in  Grus  grus,  Columba  palumbus,  and  Turdus 
iliacus  over  the  sea  corresponded  to  what  was  to  be  predicted  if  the  birds  were  dri  te 
according  to  the  motion  of  the  waves.  Tinbergen’s  (1956  in  e)  hypothesis  that  birds  may 
continuously  project  their  intended  track  direction  to  a  reference  system  on  the  Earth, 
obtained  new  support  from  this  observation. 

Evans  (1966  in  e)  and  Steidinger  (1972)  gave  evidence  that  birds  compensate  to  a  high 
degree  for  side  wind  components  of  a  following  wind,  while  side  wind  components  of 
opposed  Winds  cause  directional  changes.  In  my  (Bruderer  1975,  1977,  1978)  papers  I 
confirmed  the  birds’  capability  for  compensation  of  drift  towards  mappropnate  direc- 
tions.  On  the  other  hand  I  emphasized  that  combined  effects  of  pseudodrift,  compensatory 
movements,  leading-lines,  incomplete  compensation,  and  down- wind  flights  (mcludmg 
reversed  migration)  may  be  an  explanation  for  the  large  scatter  of  directions  over  inlan 

areas  at  low  levels. 

(1974)  as  well  as  Alerstam  &  Ulfstrand  (1975)  reported  a  small  amount  of  real 
drift  for  high  flying  day  migrants  over  land,  and  overcompensation  of  the  wind  at  low 
levels.  As  suggested  by  Rabi^l  (l.c.)  it  might  often  be  more  profitable  to  accept  a  certain 
(though  small)  drift  when  flying  at  high  altitudes,  and  to  make  use  of  the  low  wind  speeds 
dose  to  the  ground  to  compensate  (over  a  short  distance,  towards  the  end  of  a  journey)  for 

the  previous  drift. 

Landmarks  and  leading-lines 

Surveillance  radars  have  supported  the  view  that  the  main  mass  of  diurnal  and  especially 
of  nocturnal  migrants  usually  cross  a  coastlme  without  any  deviation  (Lack  1962, 
Eastwood  1967).  This  Statement  can  still  be  accepted  for  most  of  the  large  high  altitude 
movements  in  favourable  winds,  which  probably  cover  the  main  part  of  the  birds’  journey. 
It  is  less  true  for  arrivals  after  a  long  sea  Crossing  (Buurma,  m  discussion)  and  for 
movements  at  low  levels  (e.g.  in  adverse  conditions,  or  towards  the  end  of  a  journey), 
which  are  often  underestimated  by  surveillance  radars. 

A  guiding  effect  with  respect  to  the  goals  of  migration  is  only  probable  in  case  of  large 
topographical  features,  supposed  to  be  involved  in  the  evolution  of  preferred  directions, 
and  actually  triggering  or  correcting  inherited  directional  tendencies.  Most  of  the 
leading-lines  concentrating  visible  migration  seem  to  have  rather  a  deviatmg  than  a  guiding 
effect;  they  seem  to  interfere  with  the  normal  orientational  mechanisms  instead  of 
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supporting  them.  However,  the  size  of  such  deviated  movements  is  not  negligible  (cf. 
Bruderer  &  Winkler  1976).  Autumn  migrants  tolerate  important  deviations  in  Order  to 
avoid  unfavourable  flight  conditions,  drift  over  sea,  or  inhospitable  areas,  indicating  that 
not  every  deviation  from  a  straight  course  between  starting  point  and  goal  area  is 
disadvantageous.  Flights  parallel  to  single  ridges  in  the  Alps  (deviating  from  the  previous 
direction  or  from  the  direction  after  leaving  the  line)  may  be  a  further  indication  of  the 
continuous  use  of  landmarks  for  the  maintenance  of  tracks  dose  to  the  preferred  direction 
(cf.  Bruderer,  1978). 

Reorientation,  redetermined  movements,  and  reversed  migration 

Evidence  for  short-term  in-flight  reorientation  is  included  in  the  observations  of 
directional  changes  after  leaving  a  leading-line  in  the  Alps  (Bruderer  1978)  and  in 
Raböl’s  (1974)  model  on  drift  compensation. 

Long-term  changes  of  the  preferred  directions  within  single  stages  of  migration  seem  to 
occur  in  Scandinavian  Fringilla  coelebs,  whose  tracks  shift  along  a  gradient  running  from 
WNW  to  ESE  in  accordance  with  Perdeck’s  (1970)  model  of  the  changing  Standard 
direction  (Alerstam  &  Ulfstrand  1975).  A  similar  shift  in  the  preferred  direction  was 
observed  for  Columba  palumbus  in  Western  Sweden  (Alerstam  &  Ulfstrand  1973). 
In-flight  reorientation  of  British  emigrants  on  the  Continent  (cf.  section  2)  has  been 
postulated  (Evans  1966  in  e),  but  up  to  now  has  never  been  seen  on  radar;  redetermined 
departures  can  not  be  positively  identified,  because  they  mingle  with  the  main  SW 
movements  on  the  Continent. 

A  special  case  of  reorientation  is  known  for  aummn  migration  of  Scandinavian  thrushes 
towards  the  British  Islands  (Lack  1962,  Lee  1963  in  e,  Myres  1964  in  e,  Wilcock  1964  in 
e).  It  was  shown  that  thrushes  finding  themselves  over  the  ocean  at  dawn,  climb  to  higher 
altitudes  and  change  direction  towards  SE.  On  the  average  this  brings  the  birds  which  are 
out  of  sight  of  land  back  to  land  in  the  minimum  time. 

The  main  factor  inducing  real  reversed  migration  (apart  from  simple  hardweather 
movements)  is  wind  against  the  normal  direction  of  migration;  reversed  migration 
generally  occurs  at  low  levels.  In  our  own  observations  (Bruderer  1978)  it  was  more 
pronounced  under  cloudy  sky,  when  the  spread  of  directions  is  generally  increased. 
Whether  these  reversed  movements  might  be  compensatory  or  have  another  meaning  is 
still  obscure. 

Use  of  celestial  cues,  diurnal  changes  in  direction,  and  reduced  visibility 

There  is  general  agreement  that  migratory  activity  is  somewhat  reduced  in  the  presence 
of  frontal  clouds  and  minimal  in  rain,  and  that  the  scatter  in  directions  is  largest  in  rain. 
There  is  evidence  that  birds  avoid  staying  within  clouds.  Whenever  possible  they  fly 
around  a  cloud  bank,  they  stay  below  a  cloud  layer  or  climb  above  it.  Released  inside 
clouds  they  seem  to  circle  around  until  they  see  a  gap  below  or  above  them  and  dive  or 
climb  towards  this  gap  (Bruderer  1977). 

Steidinger  (1968)  showed  increasing  scatter  of  directions  for  birds  departing  below 
high  Stratus  layers  lasting  for  several  nights.  The  two  cases  of  randomly  scattered 
directions  of  diurnal  migrants  reported  by  Gehring  (1963  in  e)  similarly  refer  to 
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situations  where  the  two  previous  days  had  complete  overcast.  Both  authors  reported  that 
the  tracks  of  the  birds  below  the  stratus  were  straight  and  that  the  birds  flying  above  the 
cloud  cover  showed  minimal  scatter  of  directions. 

In  undisturbed  weather  the  mean  direction  of  migration  in  the  Swiss  lowlands  shows 
usually  a  clockwise  shift  on  the  Order  of  10  to  20°  during  the  night.  It  shifts  back  at 
beginning  of  day  migration,  reaches  again  maximum  deviation  at  noon  and  returns  to  the 
starting  direction  during  afternoon  (cf.  Gehring  1963  in  e,  Steidinger  1968,  Bruderer 
1975).  Gehring  (l.c.)  suggested  that  the  diurnal  shift  could  be  explained  by  the  birds 
inaccurate  compensation  for  the  sun’s  movement.  An  explanation  for  the  nocturnal  shift  is 
still  lacking,  although  some  sort  of  incomplete  compensation  of  the  clockwise  movement 
of  the  Stars  in  front  of  spring  and  autumn  migrants  seems  possible. 

A  remarkable  indication  of  the  use  of  celestial  cues  has  been  described  by  Lee  (1963  m 
E),  who  assumed  that  a  departure  from  the  Guter  Hebrides  deviating  by  130°  from  normal 
was  due  to  the  birds’  taking  the  rising  moon  for  the  setting  sun. 


Discussion  and  results 

The  constant  presence  of  localized  directional  changes  of  migratory  paths  in  spite  of 
varying  conditions  seems  to  imply  an  innate  component.  The  number  and  the  relatively 
small  scale  of  such  directional  changes,  however,  leads  to  the  assumption  of  superimposed 
external  triggering  or  correcting  factors,  which  probably  have  been  involved  in  the 
evolution  of  the  actual  pattem. 

Available  evidence  suggests  that  European  migrants  have  evolved  migratory  paths  and 
selective  behaviour  which  allow  them  to  make  use  of  the  most  frequent  winds  in  the 
departure  areas  and  to  reduce  Crossing  of  inhospitable  areas.  In  spring  deviations  and 
selectivity  for  favorable  winds  seem  to  be  reduced  (except  before  an  extensive  sea  Crossing, 
e.g.  at  the  Guter  Hebrides). 

We  assume  that  the  selectivity  for  favorable  wind  directions  decreases  a)  with  the 
lowering  of  the  threshold  for  migration  (i.e.  with  increasing  migratory  urge),  b)  with  the 
shortening  of  the  distance  to  fly,  c)  with  the  higher  speed  capacity  of  the  species  involved, 
and  d)  with  increasing  experience  (i.e.  with  increasing  correcting  ability)  of  the  individuals 

involved. 

Birds  are  able  to  compensate  for  drift  over  land.  Drifting  of  migrants  over  the  sea 
accordmg  to  the  motion  of  the  waves,  as  well  as  some  leading-line  effects  indicate  that  the 
use  of  reference  Systems  on  the  ground  is  an  important  means  for  drift  compensation  and 
maintenance  of  selected  tracks.  However,  it  seems  that  drift  compensation  is  not  always 
used  to  its  full  extent:  tolerating  partial  drift  at  high  altitudes  and  overcompensation  at  low 
levels  (in  low  wind  speeds)  seems  to  be  a  better  strategy.  Leading-lines  concentrate, 
facilitate,  and  possibly  often  induce  compensatory  (or  evasive)  movements  below  the 
optimal  altitude  ränge  of  most  radars.  Gn  the  other  hand  the  high-level  main  movements 
which  usually  seem  unaffected  by  leading-lines  are  most  conspicuous  for  surveillance 
radars.  Some  cases  of  in-flight  reorientation  have  been  reported,  while  there  is  only 
circumstantial  evidence  for  redetermined  departures.  Reversed  migration  as  well  as  other 
deviations  from  normal  directions  are  most  pronounced  under  adverse  winds  and  cloudy 
sky.  Full  overcast  throughout  several  days  leads  to  increasing  scatter  of  directions  in  day 
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and  night  migration,  while  the  tracks  remain  straight.  Clockwise  shifts  of  directions  during 
day  and  night  need  further  study. 
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Most  investigators  agree  that  migratory  birds  do  not  rely  upon  a  single  navigational  cue 
when  selecting  a  flight  direction,  but  rather  on  a  complex  array  of  multiple,  and  often 
redundant,  directional  Information  (see  Keeton,  1974;  Emlen,  1975).  This  realization 
leads  one  to  ask  new  questions;  How  are  these  different  directional  inputs  integrated  with 
one  another?  Is  there  a  hierarchy  of  importance  of  different  cues,  and  does  this  change  with 
the  age  or  experience  of  the  bird,  the  meteorological  or  magnetic  conditions  durmg  flight, 
or  the  geographic  position  of  the  travelmg  bird? 

In  this  paper  I  a)  suggest  that  the  quiescent  period  immediately  precedmg  nocturnal 
migratory  departures  is  a  critical  time  for  the  integration  of  directional  Information,  b) 
review  some  of  the  evidence  that  migrants  integrate  and  cahbrate  different  cue  Systems  as 
they  select  a  direction  for  flight,  and  c)  discuss  recent  work  m  which  the  relative 
importance  of  different  cue  Systems  was  analyzed  by  releasmg  and  tracking  birds  as  t  ey 
initiated  flights  under  controlled  conditions. 

The  importance  of  the  Einschlafpause 

Nocturnal  songbird  migrants  typically  remain  inactive  durmg  the  late  transition  period 
between  daylight  and  darkness.  This  “Einschlafpause”  (Palmgren,  1949)  has  been 
universally  reported,  whether  from  studies  of  caged  activity  of  migrants,  by  direct  visual 
observations  of  migratory  departures,  or  from  surveillance  radar  studies  that  show  waves 
of  departures  occurring  30  to  45  minutes  after  the  beginning  of  civil  twihght  (Palmgren, 
ibid.;  Riker,  1977;  Hebrard,  1971;  Gauthreaux,  1971;  Richardson,  1970).  Certain 
directional  cues  become  unavailable  after  dark;  others  assume  importance  at  this  time.  I 
suggest  that  this  quiescent  period  is  one  of  great  importance  for  the  individual  migrant. 
Not  only  must  it  make  the  decision  of  whether  or  not  to  initiate  a  migratory  flight  that 
night,  but  it  must  also  select  its  migratory  direction.  It  is  probably  at  this  time,  while  on 
the  ground  prior  to  departure,  that  the  bird  integrates  and  calibrates  the  various  types  of 
directional  Information  at  its  disposal.  If  the  sky  is  clear,  these  might  include  the  late 
afternoon  position  of  the  sun,  sunset  itself,  and  the  early  evening  locations  of  star  patterns. 
Geomagnetic  Information  can  also  be  incorporated,  as  might  be  meteorological  mput 
concerning  the  direction  of  the  winds  aloft.  Topographie  features  m  the  immediate 
surrounding  of  the  bird  should  serve  as  temporary  reference  points.  In  this  way,  even  if 
critical  Information  becames  obscured  or  is  lacking  at  the  exact  time  of  departure,  the  bird 
could  still  select  its  migratory  bearmg  by  referring  to  the  topographic  features  nearby  that 
had  taken  on  directional  significance. 

The  calibration  of  different  cue  Systems 

Recent  studies  suggest  that  one  advantage  of  the  availability  of  multiple  cues  is  to  allow 
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for  a  cross-checking  or  calibration  of  one  System  against  another.  This  idea  is  not  new;  it 
was  understood  by  Vleugel  (1954)  who  was  one  of  the  first  to  propose  a  calibration 
System  between  multiple  cues.  Vleugel  also  realized  the  important  distinction  between 
the  selection  and  the  maintenance  of  a  migratory  direction.  The  selection  process 
presumably  requires  more  information  and  probably  relies  more  heavily  upon  integration 
of  different  inputs  than  does  the  maintenance  of  that  direction  once  the  bird  is  aloft. 
According  to  Vleugel’s  model,  sunset  provided  the  primary  reference  for  the  selection  of  a 
departure  bearing.  Once  in  flight,  the  bird  integrated  information  from  a  secondary 
reference  cue,  the  direction  of  the  winds  aloft.  After  the  glow  of  sunset  had  faded,  the 
night  migrants  could  continue  on  course  in  the  absence  of  the  primary  cue  by  maintaining 
the  Same,  constant,  angle  relative  to  the  wind. 

Recent  experimental  evidence  is  beginning  to  suggest  a  series  of  additional  calibration 
Systems. 
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Figure  1.  A  comparison  of  fall  Orientation  behavior  of  caged  Savannah  Sparrows  allowed  to  see  the 
sun  plus  Stars  (left),  stars  only  (center),  and  sunset  only  (right).  Vector  diagrams  represent  the 
summed  activity  for  a  given  test  Situation  and  are  drawn  such  that  the  radius  equals  the  greatest 
number  of  activity  units  in  any  one  22 V2  deg.  sector  (lower  left  of  each  circle).  The  arrow  on  the 
circumference  gives  the  mean  direction  of  the  summed  activity.  The  dots  on  the  circumference 
represent  the  mean  headings  of  the  individual  birdnights  where  a  black  dot  indicates  a  statistically 
significant  (p<.05)  heading  and  a  white  dot  nonsignificant  (p>.05).  Statistics  are  presented  for  both 
summed  and  means  procedures:  ä  =  mean  direction  of  activity  or  headings,  and  r=  length 
of  mean  vector  and  is  a  measure  of  the  concentration  of  activity  or  headings.  North—  360°  and  is  to 

the  top  of  the  figure. 


It  has  long  been  known  that  many  species  of  nocturnal  migrants  will  accurately  display 
an  appropriate  migration  bearing  in  an  Orientation  cage  when  placed  outdoors  under  the 
natural  night  sky  or  under  the  artificial  heavens  of  a  planetarium  (for  review  see  Emlen, 
1975).  What  has  gone  unreported  is  that  several  species  show  poor  or  inconsistent 
Orientation  when  tested  under  similar  conditions.  F.  Moore  has  conducted  a  series  of 
experiments  to  investigate  the  potential  importance  of  viewing  the  late  afternoon  sun  and 
sunset  for  accurate  stellar  Orientation  in  one  such  species,  the  Savannah  Sparrow 
(Passerculus  Sandwich ensis)  (Moore,  in  press).  As  “controls”,  sparrows  were  placed  in 
circular  Orientation  cages  at  sunset,  and  exposed  to  both  twilight  and  night  sky  conditions. 
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As  “experimentals”,  the  same  birds  are  tested  under  starry  skies,  but  without  prior 
exposure  to  sunset.  Moore  finds  that  during  both  spring  and  autumn  migration  seasons, 
the  control  birds  show  marked  improvement  in  both  the  consistency  and  accuracy  wit 
which  they  take  up  appropriate  migration  directions  (see  Figure  1).  He  concludes  that 
stellar  cues  take  on  a  directional  meaning  or  significance  to  the  Savannah  Sparrows  as  a 
result  of  a  transferral  or  calibration  of  Information  provided  by  the  settmg  sun. 

Somewhat  analogous  experiments,  but  involving  different  cue  Systems,  have  been 
performed  by  W.  and  R.  Wiltschko,  1975a,  b).  Using  several  species  of  European 
warblers  {es^&c\A\y  Sylvia  borin)  and  the  European  Robin  (Enthacus  ruhecula),  they  tested 
migratory  Orientation  in  outdoor  cages  when  directional  Information  from  the  stars  and 
from  the  magnetic  field  was  in  conflict.  Octagonal  orientation  cages  were  set  up  outdoors 
in  Spain.  A  large  pair  of  Helmholtz  coils  surrounding  each  cage  allowed  the  direction  o 
the  magnetic  field  to  be  altered,  and  a  screen  blocking  direct  view  of  the  coils  permitted  a 
direct  view  of  95°  of  the  sky  overhead.  (It  is  unfortunate  that  this  area  could  not  be  larger, 
since  the  circumpolar  stars  that  have  been  shown  to  be  of  cntical  importance  for  stellar 
orientation  in  the  Indigo  Bunting  were  not  available  to  the  birds  m  these  experiments).  In 
autumn  experiments  with  Sylvia  bonn,  the  birds  took  up  appropriate  migratory  directions 
when  the  magnetic  and  stellar  cues  were  coincident,  but  shifted  their  direction  m 
accordance  with  the  artificial  magnetic  field  when  it  was  deflected  120  (see  Figure  2). 
Interestingly,  the  birds  continued  to  Orient  in  the  shifted  direction  after  magnetic 
inf  ormation  was  eliminated  (by  canceling  the  horizontal  component  of  the  earth’s  magnetic 
field).  From  these  experiments,  the  Wiltschkos  concluded  that  the  migrants  were 
transferring  information  from  the  geomagnetic  compass  to  the  stars  m  the  night  sky. 


Figure  2.  Orientation  of  European  warblers  tested  under  the  natural  night  sky  in  Spam  when 
magnetic  cues  coincide  with  (left),  conflict  with  (center)  and  are  eliminated  from  (right  column) 
coincidence  with  stellar  information.  Each  dot  represents  the  mean  direction  of  one  bird  on  one 
night  of  testing.  The  arrow  is  the  mean  vector  for  the  sample;  its  direction  is  the  mean  direction  an 
its^  length  is  a  measure  of  the  consistency  of  orientation  (r).  The  sample  size  (N)  and  the 
significance  of  the  orientation  by  Raleigh  tests  (p)  are  given  in  the  center  of  each  circle.  Data 
^  redrawn  from  Wiltschko  &  Wiltschko,  1975a. 


Similar  results  were  obtained  with  European  Robins  during  the  spring  migration  season, 
with  the  difference  that  the  birds  continued  to  Orient  by  the  stellar  cues  for  a  peiiod  of 
three  to  nine  days  after  the  magnetic  field  had  been  altered  before  shifting  their  direction  to 
correspond  to  the  new  magnetically  appropriate  direction.  It  appeared  that  the  stars  were 
taking  on  meaning  or  being  calibrated  against  the  magnetic  compass,  with  this  calibration 
taking  place  frequently  with  Sylvia  bonn,  but  less  regularly  with  Enthacus  rubecula. 
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Many  years  ago,  during  studies  of  the  ontogenetic  development  of  Orientation 
capabilities  in  Indigo  Buntings  (Passerina  cyanea),  I  hypothesized  that  individual  stars  and 
patterns  of  stars  "were  of  no  value  for  direction  finding  until  their  position  with  respect  to 
some  reference  framework  had  been  learned  (Emlen,  1970,  1972).  Since  adult  Indigo 
Buntings  (unlike  Savannah  Sparrows)  can  use  stellar  Information  without  the  need  for 
Integration  with  sunset,  I  performed  a  series  of  ontogenetic  experiments  in  which  early 
exposure  to  celestial  Information  was  controlled.  One  group  of  young  birds  never  saw  the 
night  sky  until  their  orientational  capabilities  were  tested  during  their  first  autumn 
migration  season.  A  second  group  was  allowed  regulär  exposure  to  a  normally  rotating, 
seasonally  appropriate,  planetarium  sky.  And  a  third  group  was  given  equal  exposure  to  a 
rotating  planetarium  sky,  with  the  sole  difference  being  that  the  axis  of  rotation  was  shifted 
roughly  90°  (relative  to  geographic  and  magnetic  north)  and  rotated  around  the  star 
Betelgeuse  rather  than  Polaris.  The  results,  shown  in  Figure  3,  document  a)  the  extreme 
importance  of  early  experience  and  learning  for  the  development  of  star  Orientation 
capabilities,  and  b)  the  importance  of  the  axis  of  rotation  in  providing  a  directional 
reference  against  which  patterns  of  stars  take  on  directional  meaning. 


Figure  3.  Migratory  orientation  of  three  groups  of  young  Indigo  Buntings,  reared  under  the 
following  conditions.  Left:  No  exposure  to  stellar  cues  prior  to  being  tested  during  their  first  automn 
migration  season.  Center:  Frequent  exposure  to  a  seasonally  appropriate  planetarium  sky  rotating 
about  the  normal  north— south  axis  (Polaris  equals  the  pole  star).  Right:  Frequent  exposure  to  the 
same  planetarium  sky  but  with  the  axis  of  rotation  shifted  90°  such  that  Betelgeuse  becomes  the 
new  “pole”  star.  All  diagrams  are  drawn  with  magnetic  north=  310°.  Notation  is  the  same  as  in 

Figure  2.  Data  redrawn  from  Emlen,  1972. 


These  three  studies  show  that  a  series  of  different  cues  (the  setting  sun,  the  earth’s 
magnetic  field,  and  the  axis  of  rotation  on  the  night  sky)  can  all  be  used  by  different  species 
of  birds  as  part  of  the  process  whereby  stellar  cues  take  on  directional  meaning  and  are 
integrated  into  the  nocturnal  orientation  System.  It  is  still  too  soon  to  speculate  on  whether 
additional  calibration  Systems  will  be  discovered,  or  to  understand  the  adaptive  reasons 
why  different  species  seem  to  have  different  strategies  of  integration  and  calibration. 

The  relative  importance  of  different  directional  cues 

N.  J.  Demong  and  I  recently  completed  a  study  of  the  relative  weighting  of  different 
orientational  cues  by  migratory  White-throated  Sparrows  (Zonotrichia  albicollis).  We  used 
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the  technique  of  capturing  individual  sparrows,  exposing  them  to  various  experimental 
manipulations,  and  then  rereleasing  them  at  migratory  altitudes  and  allowing  them  to 
initiate  migratory  flights  while  being  followed  by  a  tracking  radar.  In  an  actual 
experiment,  a  sparrow  was  placed  in  an  especially  designed  cardboard  box  equipped  with  a 
fuse-operated  opening  device  (Demong  and  Emlen,  in  press).  This  box  was  attached  to  a 
helium-filled  weather  balloon  which  carried  the  bird  to  the  desired  altitude.  The  fuse  then 
allowed  the  door  of  the  box  to  swing  open,  thereby  releasing  the  bird.  Through  the 
Cooperation  of  the  National  Aeronautics  and  Space  Administration,  each  bird  was  tracked 
by  a  FPS- 16  tracking  radar  as  it  made  its  decision,  selected  a  direction,  and  mitiated  the 
first  8  to  20  kilometers  of  a  migratory  fhght.  In  this  way  we  were  able  to  assess  the  relative 
importance  of  celestial,  magnetic,  meteorological  (wind)  and  topographic  cues. 

When  released  under  clear  night  skies,  the  sparrows  rapidly  selected  departure  bearings 
to  the  north-northeast.  Tracks  were  straight  and  exhibited  a  mean  direction  of  18  (see 
Figure  4).  This  corresponds  well  with  the  expected  direction  of  spring  migration  for 
White-throated  Sparrows,  independently  calculated  from  banding  recoveries  to  be  31  . 


Figure  4  Departure  directions  of  individual  White-throated  Sparrows  released  under  clear  (left) 
and  overcast  (right)  skies  and  tracked  by  NASA  FPS-16  tracking  radar.  Notation  is  similar  to  that 

described  in  Figure  2. 


Sparrows  released  under  total  overcast  showed  several  differences  in  behavior  when 
compared  to  those  released  under  clear,  starry  skies.  Many  hovered  or  circled  for  several 
minutes  after  release  before  actively  initiating  a  flight.  Even  after  adoption  of  a  flight 
direction,  marked  sinusoidal  deviations  from  a  straight  track  were  common,  and  airspeed 
was  low.  Further,  there  was  a  marked  deterioration  in  orientation  ability,  although  the 
mean  direction  of  the  departure  tracks  was  still  to  the  northeast  (Figure  4).  In  summary,  it 
would  appear  that  many  birds  released  under  total  overcast  were  able  to  determine  a 
northerly  direction,  but  that  the  process  took  longer  and  was  less  accurate  than  when 
selected  under  clear  skies. 

These  results  are  especially  interesting  since  numerous  surveillance  radar  studies  have 
provided  convincing  evidence  that  nocturnal  migration  continues  and  that  most  migrants 
are  well-oriented  on  overcast  nights  when  stellar  cues  are  totally  obscured.  In  fact,  our 
own  surveillance  radar  data  showed  that  birds  departing  of  their  own  vohtion  were 
well-oriented  to  the  northeast  on  many  of  the  same  nights  when  our  artificially  released 
birds  were  showing  poor  orientation.  We  believe  that  this  discrepancy  is  consistent  with 
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the  distinction  between  selection  and  maintenance  of  migratory  directions.  The  birds 
observed  on  surveillance  radar  had  had  the  opportunity  of  remaining  on  the  ground  during 
the  twilight  period  and  integrating  various  sources  of  directional  Information  at  their 
disposal.  The  artificially  released  birds  had  no  opportunity  for  such  leisurely  integration 
and  were  totally  deprived  of  the  use  of  sunset  or  local  topographic  reference  markers  as 
directional  cues. 

This  point  was  further  emphasized  by  a  “natural  experiment”  that  occurred  during 
mid-May  of  1972  when  a  low  pressure  cell  became  stationary  near  the  Atlantic  coast 
causing  a  prolonged  period  of  continuously  total  overcast  weather  that  extended  uninter- 
ruptedly  for  eight  days.  Figure  5  (from  Emlen  &  Demong,  in  preparation)  shows  the 
Orientation  of  naturally  occurring  migrants  as  measured  by  the  NASA  surveillance  radar 
on  these  dates.  In  all  cases  when  the  position  of  the  sun  and  sunset  had  been  obscured  for 
periods  of  one  day  or  longer,  serious  disorientation  occurred  among  the  migrants  aloft 
(note  that  all  celestial  cues,  sun,  sunset  and  stars,  were  unavailable  during  this  period). 
These  types  of  results  suggest  a  strong  importance  of  celestial  Information  in  the  selection 
of  the  migratory  direction. 
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Figure  5.  Orientation  of  naturally  occurring  migrants  passing  over  Wallops  Island,  Virginia  during  a 
prolonged  period  of  continuous  overcast  (and  observed  by  ASR-7  surveillance  radar).  0° 
represents  geographic  north,  and  each  arrow  is  the  mean  vector  for  that  night.  Sample  size  (N)  and 
the  length  of  the  mean  vector  (r)  are  given  in  the  center  of  each  diagram. 


We  have  little  Information  pertaining  to  the  importance  of  magnetic  information  to  the 
White-throated  Sparrow.  Five  sparrows  were  released  aloft  under  clear  night  skies  with 
miniature  ceramic  magnets  attached  to  their  bodies.  These  birds  showed  no  marked 
difference  in  Orientation  behavior  from  Controls,  but  the  critical  experiments  of  releasing 
such  birds  under  total  overcast  conditions  were  not  performed. 

Gauthreaux  and  Able  (1970)  have  suggested  that  winds  aloft  are  another  important 
orienting  cue  for  migrants,  at  least  in  the  southeastern  portion  of  the  United  States.  The 
importance  of  wind  information  was  tested  by  releasing  sparrows  under  a  variety  of 
favorable  and  unfavorable  wind  conditions.  The  migration  direction  selected  showed  no 
consistent  tendency  with  regard  to  the  direction  of  the  wind.  Some  birds  were  released  on 
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nights  when  the  strength  of  the  winds  aloft  was  greater  than  the  average  airspeed  of 
White-throated  Sparrows.  Under  these  conditions  the  birds  were  unable  to  control  their 
tracks  over  the  ground.  But,  interestingly,  even  under  these  “extreme”  conditions,  the 
sparrows  adopted  northerly  headings  that  were  indistinguishable  from  those  taken  on 
calmer  nights.  Thus  the  birds  did  not  exhibit  a  tendency  to  fly  downwmd,  but  rather 
adopted  northerly  directions  regardless  of  the  strength  or  direction  of  the  winds 
encountered  aloft.  Even  under  conditions  of  total  overcast,  the  sparrows  showed  weak 
tendencies  to  the  north  and  failed  to  shift  to  a  downwind  orientation.  Thus  it  appears  that 
wind  cues,  while  undoubtedly  of  cntical  importance  in  the  decision  of  whether  or  not  to 
initiate  a  flight  on  a  given  night,  did  not  play  a  key  role  in  the  selection  of  the  migratory 
direction. 

The  location  of  the  NASA  tracking  Station  where  these  experiments  were  conducted  is 
on  the  coast  of  Virginia.  Visual  features  of  the  landscape  might  thus  provide  strong 
orientational  cues  for  migrants.  To  investigate  this  possibility,  flight  paths  of  the  sparrows 
were  overlaid  onto  accurate  maps  of  the  topographic  landscape.  Perhaps  surprisingly, 
the  sparrows  showed  little  tendency  to  alter  their  courses  in  any  manner  that  would  bring 
them  closer  to,  or  more  parallel  with,  the  coastline.  This  was  especially  impressive  in  the 
tracks  of  the  birds  released  under  total  overcast.  With  visual  information  from  the  sky 
obscured,  one  might  expect  visual  cues  from  the  ground  to  assume  greater  importance. 
Yet  there  was  no  tendency  for  these  overcast  tracks  to  converge  along  the  coast.  Many 
birds  were  slowly  headmg  out  to  sea  while  others  were  travehng  in  various  directions 
over  the  mainland.  This  is  all  the  more  remarkable  considering  the  behavioral  differen- 
ces  shown  by  the  overcast  birds  (discussed  above),  all  of  which  seem  indicative  of  a 
greater  difficult  in  selecting  a  direction,  a  lower  motivation  to  migrate,  or  both.  We 
conclude  that  even  when  flying  under  the  potentially  difficult  orientational  conditions 
imposed  by  total  overcast,  the  birds  were  largely  ignoring  the  dominant  visual  cues  from 
the  coastline  below. 

These  results  are  consistent  with  a  model  that  celestial  cues  (both  sunset  and  stars)  are  of 
strong  importance  to  migratory  White-throated  Sparrows;  that  sufficient  alternate  infor¬ 
mation  is  available  for  the  selection  of  the  correct  migratory  direction  in  their  absence;  that 
wind  direction  plays  only  a  secondary  role  in  migratory  orientation;  and  that  visual 
features  of  the  ground  below  are  near  the  bottom  of  any  orientational  hierarchy  for  this 
species. 

Hopefully,  this  short  review  has  illustrated  the  change  in  emphasis  that  is  occurring  in 
many  orientational  studies.  Rather  than  searching  for  the  mechanism  of  orientation,  many 
researchers  are  now  focusing  on  the  relative  importance  of,  the  integration  of,  and  the 
calibration  between,  different  directional  inputs  as  they  function  in  the  dynamic  System  of 
multiple  cue  orientation  that  typifies  bird  migration. 
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The  Relative  Importance  and  Integration  of  Different  Directional  Cues 

Düring  Ontogeny. 

Wolfgang  Wiltschko 
Introduction 

In  numerous  bird  species,  the  individuals  migrate  singly,  and  the  young  birds  are  able  to 
reach  their  wintering  area  without  the  help  of  experienced  conspecifics.  Many  experiments 
indicate  that  these  young  birds  possess  innate  information  about  the  distance  (GwiNner 
1968)  and  direction  of  their  migration  (Perdeck  1958;  see  Emlen  1975).  Yet  innate 
directional  information  —  like  “south”  —  requires  an  external  reference  System  to  enable  the 
bird  to  find  this  given  direction,  i.e.  to  determine  where  “south  lies.  A  literature  review 
(e.g.  Emlen  1975)  convincingly  demonstrates  that  migratory  birds  use  a  variety  of  cues  or 
cue  Systems  for  Orientation,  and  thus  the  question  arises  which  of  these  cues  serves  as  a 
reference  System  for  the  genetically  encoded  migratory  direction.  Since  natural  selection 
would  favour  least  expenses,  and  normally  innate  information  is  as  scarce  as  is  possible  to 
master  the  pertaining  Situation  (frequently  to  be  later  supplemented  by  learned  informa¬ 
tion),  it  appears  highly  unlikely  that  the  migratory  direction  is  encoded  relative  to  all 
possible  Orientation  cues.  Instead  we  might  expect  a  calibration  System  where  information 
from  a  primary  reference  is  secondarily  transferred  to  the  other  Systems. 

Here  I  will  try  to  review  three  experiments  that  may  help  to  answer  this  question, 
namely  studies  in  which  young  birds  were  handraised  with  only  limited  access  to  the 
possible  Orientation  cues,  and  their  spontaneous  directional  tendencies  were  recorded  in 
the  following  migratory  seasons. 


Night-migrating  birds 

Sauer  (1957)  was  the  first  to  test  handraised  Sylvia  Warblers  in  a  planetarium  that  had 
been  isolated  from  all  celestial  cues.  He  concluded  from  his  results  that  they  possess  an 
innate  knowledge  of  the  starry  sky  and  its  variability  in  time  and  geographic  location.  His 
findings,  however,  could  not  be  confirmed  by  later  investigators  (Emlen  1972, 
Wiltschko  &  Wiltschko  1975  a). 

Emlen  (1972)  handraised  three  groups  of  Indigo  Buntings,  Passerina  cyanea.  The  first 
group  never  saw  the  sun  or  stars  prior  to  the  critical  tests.  Between  the  fledging  age  and  the 
beginning  of  the  migratory  season,  the  other  two  groups  saw  a  planetarium  sky  three 
nights  per  week.  For  the  second  group,  the  sky  duplicated  the  natural  Situation  in  star 
patterns  and  rotation;  for  the  third  group,  the  axis  of  rotation  was  shifted  away  from  the 
north  Star  Polaris  to  Betelgeuse  in  the  configuration  of  Orion.  In  autumn,  all  three  groups 
were  tested  under  a  fixed  planetarium  sky;  their  pooled  directional  preferences  are  given  in 
Fig.  1.  The  birds  of  the  first  group  were  not  oriented  (Fig.  la).  The  birds  of  the  second 
group  showed  headings  lying  “south”  of  Polaris  (Fig.  Ib),  while  the  headings  of  the  third 
group  (being  recorded  during  three  nightly  registration  periods,  where  Polaris  and 
Betelgeuse  were  shifted  relative  to  each  other  between  the  periods)  showed  a  large  scatter 

Fachbereich  Biologie  der  Universität,  Zoologie,  AK  P.Ö.V.,  Siesmayerstraße  70,  D  6000  Frankfurt  a.M., 
Bundesrepublik  Deutschland. 
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with  respect  to  Polaris  (Fig.  Ic,  open  Symbols),  but  a  clear  Orientation  to  the  “south”  of 
Betelgeuse  (Fig.  Ic,  solid  Symbols).  Thus  both  groups  showed  distmct  directional 
tendencies  under  the  fixed  planetarium  sky,  the  directions  of  which  were  found  to  be  the 
expected  migratory  direction  with  respect  to  the  axis  of  rotation  they  had  experienced 
prior  to  the  tests. 

These  data  clearly  demonstrate  that  in  the  Indigo  Bunting  the  directional  significance  of 
the  Stars  is  not  innate,  but  has  to  be  established  by  experience.  Emlen  concluded  that  one 
reference  System  of  the  migratory  direction  underlying  this  learning  process  is  celestial 
rotation:  in  the  period  prior  to  their  first  migration  the  birds  learn  the  position  of  the  stars 
relative  to  the  axis  of  rotation,  and  later  they  are  able  to  find  their  migratory  direction  by 
the  Star  patterns  alone.  The  learning  process  is  assumed  to  be  happening  once  and  to  be 
effective  for  a  long  time  (Emlen  1972). 


A  Betelgeuse 


Figure  1.  Pooled  nightly  headings  of  handraised  Indigo  Buntings  tested  during  their  first  autumn 
migratory  season  under  a  stationary  planetarium  sky.  Expected  migratory  direction:  South,  (a) 
Birds  that  had  never  seen  any  stars  prior  to  the  tests.  (b)  Birds  that  had  seen  a  normal  planetarium 
sky  rotating  around  the  north  star  Polaris,  (c)  Birds  that  had  seen  a  planetarium  sky  rotating  around 
Betelgeuse  in  Orion.  Open  Symbols:  data  plotted  taking  Polaris  as  “North”;  solid  symbols:  same 
data,  replotted  taking  Betelgeuse  as  “North”.  (Redrawn  from  Emlen  1972). 

In  this  and  the  following  figures,  the  arrows  indicate  the  mean  vector,  their  lengths  being  drawn 
relative  to  the  radius  of  the  circle  =  1.  The  inner  circles  represent  the  5%  (dotted)  and  the  1% 

significance  border  of  the  Rayleigh  Test. 


WiLTSCHKO  &  Gwinner  (1974  and  in  prep.)  performed  similar  tests  with  two  groups  of 
handraised  Garden  Warblers,  Sylvia  borin.  One  group  never  saw  any  celestial  cues  during 
their  life,  the  second  group  had  clear  view  to  the  natural  sky  until  the  beginning  of  the 
migratory  season.  In  orientation  tests  in  the  natural  local  geomagnetic  field,  but  without 
celestial  cues,  the  birds  of  the  first  group  showed  a  significant  preference  of  their  expected 
migratory  direction  (Fig.  2a),  whereas  in  the  birds  that  had  seen  the  sun  and  the  stars,  no 
directional  preference  was  found  (Fig.  2b).  This  leads  to  the  conclusion  that  in  Garden 
Warblers  the  migratory  direction  is  genetically  encoded  relative  to  a  non-visual  orientation 
System,  and  that  the  orientation  in  the  absence  of  visual  cues  is  not  improved  by  celestial 
Information. 

Parallel  experiments  with  the  same  species  and  with  European  Robins,  Erithacus 
ruhecula,  both  trapped  during  migration,  suggest  the  magnetic  field  as  the  non-visual 
reference  System  for  the  migratory  direction:  disorientation  was  observed  in  a  reduced 
magnetic  field  (Wiltschko  1974),  and  in  outdoor  experiments,  we  appeared  to  be  able  to 
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change  the  directional  significance  of  the  natural  stars  by  exposing  the  birds  to  an  altered 
magnetic  field  (Wiltschko  &  Wiltschko  1975  a,b).  This  led  to  the  hypothesis  that  t  e 
magnetic  field  is  used  to  calibrate  the  Star  patterns  during  migration.  Since  the  directiona 
significance  of  the  stars  could  be  altered  even  in  adult  birds,  our  results  suggest  that  it  is 
permanently  controlled  by  the  magnetic  field,  thus  indicating  a  type  of  learnmg  different 
from  the  imprinting-like  process  Emlen  (1972)  described. 


N  N 


Figure  2.  Pooled  nightly  headings  of  handraised  Garden  Warblers  tested  durmg  their  first  autumn 
migratory  season  in  the  local  geomagnetic  field  without  visual  cues.  Expected  direction;  S  to  SSW. 
(a)  Birds  that  had  never  seen  any  celestial  cues.  (b)  Birds  that  had  had  view  to  the  sun  and  stars 

until  the  beginning  of  the  migratory  season. 


At  the  present  state  of  knowledge,  it  is  possible  to  explain  the  differences  between 
Emlen’s  (1972)  and  our  findings  satisfactorily  in  terms  of  species-specific  differences.  It 
may  be  pointed  out,  however,  that  in  our  experiments  with  handraised  Garden  Warblers, 
it  IS  not  excluded  that  these  birds  have  any  innate  celestial  orientation.  The  birds 
handraised  with  view  to  the  stars  oriented  very  poorly  when  these  cues  were  no  onger 
available  (Fig  2  b)-  this  phenomenon,  which  is  not  found  in  birds  captured  durmg 
migration,  is  still  completely  unexplained  and  might  indicate  that  stars  are  somehow 
involved  in  the  normal  process  of  establishing  the  migratory  direction.  Similarly,  the  role 
of  the  magnetic  field  in  the  orientation  of  the  Indigo  Bunting  is  not  yet  completely 
understood.  Recent  findings  that  this  species,  too,  is  able  to  determine  the  migratory 
direction  using  magnetic  information  (Emlen  et  al.  1976)  make  it  desirable  to  study 
whether  the  magnetic  field  does  function  as  a  reference  System  for  the  innate  migratory 

direction  in  the  Indigo  Bunting. 


Day-migrating  birds 

Very  little  is  known  about  the  orientation  mechanisms  of  day  migrants.  The  sun 
compass  is  generally  accepted  as  their  pnnciple  orientation  System  (Kramer  1950,  Emlen 
1975),  but  experimental  evidence  that  the  sun  compass  is  actually  used  to  Orient  their 
activity  during  migration  is  almost  entirely  lacking.  Here  I  will  report  some  prehminary 
results  of  a  study  with  handraised  Finnish  Starlings,  Sturnus  vulgaris,  that  from  their 
fledging  age  on  had  been  housed  in  an  outside  aviary  so  that  they  had  view  to  the  sky.  We 
examined  whether  they  utilized  the  sun  for  direction  finding  by  shifting  their  internal 
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clocks  6  hours,  a  procedure  which  demonstrates  the  use  of  the  sun  compass  by  resulting  in 
a  90°  deflection  of  Orientation  (Hoffmann  1954,  Schmidt-Koenig  1961). 

The  pooled  results  are  presented  in  Fig.  3.  In  their  first  autumn  migratory  season,  the 
Starlings  showed  a  significant  directional  preference  (Fig.  3  a,b),  which  did  not  correspond 
to  their  expected  migratory  direction  WSW,  although  they  had  grown  up  and  were  living 
in  more  or  less  natural  conditions  seeing  the  sun.  In  the  following  spring,  however,  their 
directional  tendencies  (Fig.  3  d,e)  agree  well  with  the  spring  migratory  direction  of  the 
Finnish  population.  In  both  seasons,  the  Orientation  behavior  was  not  at  all  affected  by 
cloud  cover:  it  was  just  as  good  under  overcast  (Fig.  3  a,d)  as  under  sun  (Fig.  3  b,e).  Thus 
Starlings  do  not  seem  to  need  the  sun  to  show  consistent  directional  selections. 


N 


s 
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Figure  3.  Pooled  headings  of  handraised  Starlings  tested  in  outdoor  experiments.  Upper  diagrams 
(a  -  c):  tests  during  their  first  autumn  migratory  season,  expected  direction:  WSW;  lower  diagrams 
(d  -f):  tests  during  the  following  spring,  expected  direction:  ENE.  (a)  and  (d):  under  complete 
overcast;  (b)  and  (e):  when  the  sun  was  visible;  (c):  under  sunny  conditions,  the  birds’  internal 
clocks  being  shifted  6  h  fast;  (f):  under  sunny  conditions,  the  birds’  internal  clocks  being  shifted  6  h 
slow.  The  open  arrow  heads  inside  the  circle  in  Fig.  3  c  and  f  mark  the  expected  direction  if  the  birds 

use  a  sun  compass. 


In  autumn,  a  6  h  fast  clock  shift  did  not  cause  any  deflection  in  the  Starlings’  directional 
tendencies,  but  only  a  small  increase  in  scatter  (Fig.  3c).  In  spring,  however,  a  6  h  slow 
clock  shift  resulted  in  a  significant  (p  <0.001,  Watson  Williams  Test)  shift  in  the 
expected  direction  (Fig.  3f).  With  76°,  the  amount  of  shift  was  slightly  smaller  than 
expected.  Unfortunately,  we  had  only  6  birds  for  our  spring  experiments,  but  an  analysis 
of  their  individual  behavior  revealed  considerable  differences,  their  amount  of  shift  varying 
between  30°  and  97°.  Fach  bird  was  subjected  to  the  clock  shift  procedure  three  times,  with 
intervals  of  ca.  two  weeks  during  which  it  lived  in  the  natural  photoperiod  and  was  tested 
in  control  tests.  A  temporal  analysis  of  our  data  seems  to  indicate  that  the  deflection  caused 
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by  shifting  the  internal  clocks  was  much  more  pronounced  at  the  end  of  the  season,  the 
mean  of  the  first,  second  and  third  shift  deviating  by  +  43°,  +  57°  and  +  86°,  respectively, 
from  the  mean  of  the  control  recordings. 

Thus  we  found  no  indications  that  in  their  first  autumn  migratory  season,  the  Starlings 
utilized  the  sun  for  dirction  finding.  Our  data  indicate  that  they  began  to  use  it  in  the 
course  of  the  spring  migratory  season.  This  seems  to  suggest  that  the  sun  compass  requires 
some  maturing  or  learning  process.  Since  the  sun  compass  of  pigeons  was  found  to  be 
established  by  experience  (Wiltschko  et  al.  1976)  the  Orientation  of  our  young  Starlings 
appears  to  represent  a  parallel  to  the  development  of  the  sun  compass  in  young  homing 
pigeons  (Wiltschko  1979).  This  leaves  open  the  question  of  the  reference  System 
underlymg  this  learning  process.  The  non— visual  orientation  System  used  under  overcast 
appears  to  be  the  most  likely  candidate,  but  an  experimental  analysis  is  still  completely 

lacking. 


Conclusion 

The  series  of  experiments  discussed  above  indicate  that  such  complex  cue  Systems  Star 
patterns  do  not  possess  an  innate  significance,  but  that  they  acquire  their  directional 
meaning  by  some  learning  process.  The  same  is  possibly  true  for  the  complex,  variable 
relationship  between  time,  sun  azimuth  and  direction  in  the  sun  compass.  The  two 
Systems  in  consideration  as  underlying  the  calibration  process  -  celestial  rotation  and  the 
magnetic  field  -  are  of  a  simpler  nature  and  thus  theoretically  better  suited  to  serve  as  a 
reference  System  for  the  genetically  encoded  migratory  direction.  The  experimental  data  so 
far  do  not  allow  any  definite  Statement  on  which  System  plays  the  role  of  this  basic 
reference  System  and  whether  it  is  the  same  in  all  species. 
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Besides  two  mechanisms  of  compass  onentation,  namely  the  sun  compass  and  the 
magnetic  compass,  homing  pigeons  possess  a  mechanism,  the  so-called  map  component  , 
which  allows  them  to  navigate,  i.e.  to  detect  the  direction  of  their  goal  when  released  from 
unfamiliar  sites.  It  is  often  claimed  that  this  navigational  System  is  redundant  and  flexible, 
and  that  it  relies  on  a  large  variety  of  cues.  This  opinion,  however,  appears  to  overlook  the 
principle  of  Ockham’s  razor,  because,  as  regards  cues  mvolved  in  the  map  component  , 
the  only  evidence  is  that  m  favour  of  olfactory  ones,  with  some  mdications  m  favour  of 
magnetic  ones. 

The  use  of  olfactory  cues  for  navigational  purposes  in  pigeons  was  first  suspected  seven 
years  ago,  when  we  found  that  birds  which  had  had  their  olfactory  nerves  cut  were  greatly 
impaired  in  homing  (Papi  et  ah,  1971).  Later,  several  experiments  were  performed  on  the 
effects  of  olfactory  deprivation.  The  most  frequently  used  methods  for  making  the  birds 
anosmatic  were:  a)  bilateral  sectioning  of  their  olfactory  nerves;  b)  sectioning  of  one  nerve 
and  occlusion  of  the  contralateral  nostril  —  a  technique  which  allows  comparison  between 
experimental  birds  and  control  birds  which  have  also  undergone  unilateral  nerve  section 
and  occlusion  of  one  nostril,  in  their  case  the  ipsilateral  -  and  c)  insertion  of  thin  plastic 
tubes  into  the  birds’  nostrils  up  to  the  choanae,  so  that  inhaled  air  bypassed  the  olfactory 
chamber. 

By  all  these  methods  we  were  able  to  confirm  the  earher  finding  that  anosmatic  pigeons 
have  great  difficulty  in  homing  when  they  are  released  from  unfamiliar  sites.  From  familiär 
ones,  however,  experimental  birds  performed  only  a  little  worse  than  control  birds  (Fig. 
1).  In  our  opinion,  this  shows  that  olfaction  plays  an  important  and  specific  role  in  pigeon 
navigation,  because,  if  olfactory  deprivation  had  produced  only  a  non-specific  disturbance 
in  general  behaviour,  there  should  have  been  no  differences  in  homing  success  from 
familiär  and  unfamiliar  sites  (for  a  review,  see  Papi,  1976,  and  the  subsequent  paper  of 
Hartwick  et  ah,  1977). 

Olfactory  deprivation  also  influences  the  initial  Orientation  of  the  birds,  which  often  fly 
off  in  a  wrong  or  random  direction.  This  effect,  however,  was  less  consistent  m  some 
experimental  series  (see,  in  this  volume,  Benvenuti  et  ah,  who  survey  the  apparant 
differences  in  behaviour  of  pigeons  tested  in  different  countries),  Schmidt-Koenig  & 
Phillips  (1978,  in  press)  used  a  local  anaesthetic,  xylocain,  to  eliminate  olfaction 
transitorily.  They  claim  that  in  homing  experiments  “only  slight  and  inconsistent  effects” 
were  found.  In  our  opinion,  however,  no  definitive  conclusions  are  possible.  In  fact,  in 
their  first  experimental  series,  treatment  with  xylocain  was  found  to  have  a  significant 
effect  in  three  out  of  the  four  experiments  performed  on  new-to-site  birds.  In  the  second 
series,  the  control  bird  bearings  were  mostly  random,  and,  as  the  authors  admit,  were  “a 
poor  basis  on  which  to  find  an  experimental  effect”. 

The  results  obtained  with  anosmatic  birds  provide  some  of  the  main  evidence  in  favour 
of  the  olfactory  hypothesis  of  pigeon  navigation  (Papi  et  ah,  1972).  According  to  this 


Istituto  dl  Biologia  Generale  dell’  Universitä  di  Pisa,  Pisa,  Italy 


570 


SYMPOSIUM  ON  GOAL  ORIENTATION 


hypothesis,  pigeons  learn  to  recognize  the  prevalent  odour  of  their  loft  area  and  also  to 
associate  foreign  odours  carried  by  winds  with  the  direction  from  which  they  come.  In  this 
way  the  birds  are  thought  to  build  up  an  olfactory  map  of  the  region  surrounding  the  loft. 
When  displaced  to  an  unfamiliar  site  the  birds  could  then  determine  the  home  direction  by 
means  of  the  odours  perceived  in  the  release  area  and  during  the  outward  journey  (for  a  full 
explanation  of  this  hypothesis,  see  Papi,  1976). 
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Figure  1.  Homing  performances 
of  anosmatic  birds  released  from 
unfamiliar  and  from  familiär 
sites.  Fach  symbol  represents  one 
pigeon;  empty  Symbols  for  Con¬ 
trols,  filled  Symbols  for  experi- 
mentals.  The  data  concern  experi- 
ments  performed  in  Italy  (Papi  et 
ab,  1971,  1972;  Benvenuti  et  ab, 
1973,  except  the  inexperienced 
birds;  Baldaccini  et  ab,  1975; 
Hartwick  et  ab,  1977),  in 
Switzerland  (Fiaschi  & 
Wagner,  1976),  in  USA  (Papi  et 
ab,  in  prep.),  and  in  Germany 
(Benvenuti,  unpublished  results 
of  research  still  in  progress). 


The  olfactory  hypothesis  is  consistent  with  the  results  obtained  by  Wallraff  (1966, 
1970),  which  showed  that  homing  capacity  is  very  poor  in  pigeons  kept  in  aviaries  fenced 
against  wind,  as  well  as  with  the  results  of  a  variety  of  experiments  we  performed 
specifically  to  test  predictions  derived  from  the  hypothesis  (reviewed  in  Papi,  1976).  In 
some  of  these  experiments,  we  deceived  the  birds  about  the  direction  from  which  the 
wind-carried  odours  arrived  at  the  loft  by  rearing  them  in  large  outdoor  cages  supplied 
with  deflector  shields.  Depending  on  their  arrangement,  they  systematically  deflected  the 
wind  before  it  reached  the  cages,  clockwise  or  counter-clockwise.  The  pigeons  kept  in 
these  cages  showed  a  corresponding  deflection  in  their  initial  Orientation  (Baldaccini  et 
ab,  1975b,  1978). 

The  results  of  the  deflector  cage  experiments  are  in  agreement  with  the  olfactory 
hypothesis,  but  do  not  prove  unambiguously  that  the  Stimuli  deflected  by  the  shields  and 
involved  in  the  deflector  cage  effect  are  really  the  odours  carried  by  winds,  because  also 
other  Stimuli  -  sounds,  for  example  -  are  deflected  by  the  shields.  We  have  therefore 
performed  new  experiments  in  which  pigeons  were  no  longer  exposed  to  natural  winds, 
but  were  exposed  to  artificial  air  currents  produced  by  fans.  The  birds  were  kept  in  glass 
corridors,  which  had  large  fans  at  both  ends.  The  main  axis  of  the  corridors  was  oriented 
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East-West.  Whenever  a  wind  was  blowing  from  the  East  or  the  West  quadrant,  the  birds  of 
one  corridors  (the  Controls)  were  exposed  to  fan-produced  wind  blowing  from  the  median 
bearing  of  the  same  quadrant,  whereas  the  birds  in  the  other  corridor  (the  experimentals) 
had  a  wind  blowing  towards  them  from  the  opposite  direction.  In  the  two  series  of  these 
experiments  performed  by  us,  an  additional  group  of  birds  kept  in  a  third  corridor  without 
fans  were  also  tested.  In  one  series  these  birds  were  exposed  to  the  natural  winds  from  both 
the  East  and  West  quadrants  (control-controls),  whereas  in  the  other  series  they  were 
never  exposed  to  either  natural  or  artificial  winds  (  screened  birds). 


Control -contro!  btrds 
[natural  wind  ) 


Experimental  birds 
[  ravaraed  artificial  wind  ] 


Screened  birds 
[ no  wind  ] 


Figure  2.  Initial  orientation  of 
the  birds  kept  in  glass  corridors  in 
releases  from  East  and  West.  For 
each  treatment  the  data  were 
pooled,  setting  the  home  direc¬ 
tion  (H)  to  zero.  The  length  of 
the  bars  in  proportional  to  the 
percentage  of  Hearings  occurring 
in  each  15°  sector.  For  the  birds 
of  the  fan  corridors  (top),  the 
data  comprise  two  series  of  ex¬ 
periments;  in  each  bar  the  empty 
portion  refers  to  one  series,  and 
the  dotted  portion  to  another. 
The  inner  arrow  represents  the 
mean  vector,  whose  length  can  be 
read  with  the  scale  in  the  first 
diagram.  The  number  of  Hearings 
(n)  is  given.  (According  to  data 
from  Ioale’  et  al.,  in  prep.). 


The  initial  orientation  of  the  birds  in  the  releases  from  East  and  West  is  shown  in  Fig.  2. 
The  control  birds  and  the  control-controls  were  homeward  oriented,  whereas  the 
experimentals,  which  were  rather  more  scattered,  departed  in  the  opposite  direction  from 
the  homing  one.  Finally,  the  “screened”  birds  were  randomly  oriented.  These  results 
greatly  reduce  the  number  of  Stimuli  which  may  be  thought  to  be  involved  in  the  deflector 
cage  and  support  the  view  that  the  information  that  pigeons  acquire  at  the  loft  and  then  use 
for  navigational  purposes  is  wind-borne  and  involves  the  sense  of  smell. 

Despite  the  large  quantity  of  evidence  in  favour  of  olfactory  navigation,  some  reasons 
for  believing  that  magnetic  Stimuli  also  influence  pigeon  navigation  may  be  put  foreward. 
Cornell  investigators  reported  that  there  is  a  correlation  between  normal  fluctuations  in  the 
earth’s  magnetic  field  and  day-to-day  variations  in  the  pigeons’  initial  orientation,  and  that 
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this  correlation  reflects  a  cause-and-effect  relationship  (Keeton  et  al.,  1974;  Larkin  & 
Keeton,  1976).  Still  more  impressive  is  the  fact  that  at  the  recent  Conference  on  Animal 
Migration,  Navigation  and  Homing  (Tübingen,  1977),  investigators  from  three  different 
laboratories  reported  some  evidence  that  magnetic  Stimuli  perceived  during  the  outward 
journey  influence  pigeons’  initial  bearings  (Kiepenheuer,  1978a,  Wiltschko  et  ah,  1978; 
Papi  et  ah,  1978;  see  also  Kiepenheuer,  1978b,  and  in  this  volume).  The  method  used  by 
our  team  consisted  in  transporting  two  groups  of  pigeons  to  the  same  release  site  -  a  group 
of  Controls  inside  an  aluminum  Container  and  a  group  of  experimentals  in  an  iron 
Container.  Forced  Ventilation  was  provided  for  both  Containers,  but  the  strength  of  the 
earth’s  magnetic  fields  was  reduced  to  1/200  of  its  natural  value  inside  the  iron  one. 


I\i  N 


Figure  3.  Effect  of  the  iron  Con¬ 
tainer  on  initial  Orientation.  A 
and  B,  Veteran  birds  released 
from  short  distances;  C  and  D, 
young  birds.  Each  symbol  on  the 
periphery  of  the  circles  indicates 
the  vanishing  bearing  of  one  bird, 
the  inner  arrows  represent  the 
mean  vectors.  Empty  symbols  for 
Controls,  filled  symbols  for  ex¬ 
perimentals.  The  outer  arrow  in¬ 
dicates  home,  whose  direction 
and  distance  are  given. 


In  the  first  series  of  experiments,  we  trained  the  birds  to  home  in  one  direction  and  then 
perform ed  the  experiments  in  the  opposite  one,  from  distant  sites  beyond  the  Appenines. 
In  this  case  there  was  a  dramatic  difference  in  initial  Orientation  between  Controls  and 
experimentals  (see  Papi  et  ah,  1978).  In  the  second  series  of  similar  experiments,  veteran 
birds  which  had  not  been  so  trained  were  released  from  short  distances;  the  iron  Container 
was  again  found  to  have  an  effect.  The  difference  in  initial  Orientation,  however,  was 
smaller  and  more  variable  than  in  the  first  series  (see  for  example  Fig.  3  A,  B).  Lastly,  we 
performed  a  series  of  tests  with  young  birds  which  had  been  previously  trained  to  home  in 
all  directions  from  distances  up  to  30  km.  When  released  from  unfamiliar  sites,  a  clear-cut 
difference  in  Orientation  between  control  and  experimental  birds  was  found  even  at  short 
or  moderate  distances  (examples  are  given  in  Fig.  3  C,  D). 

It  is  very  surprising  that  in  all  our  experiments  with  aluminum  and  iron  Containers,  we 
never  found  a  significant  difference  in  homing  performance  between  control  and  experi¬ 
mental  birds.  We  must  therefore  conclude  that  the  experimentals  were  able  to  correct  their 
wrong  starting  direction  quickly.  This  makes  the  interpretation  of  the  “iron  Container 
effect”  even  more  difficult. 
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Our  still  inadequate  understanding  of  the  role  magnetic  cues  play  in  pigeon  navigation 
makes  any  discussion  about  the  possible  interaction  between  olfactory  und  magnetic  cues  a 
difficult  matter.  We  know  that  pigeons  are  mcapable  of  hommg  from  unfamiliar  sites  when 
they  are  prevented  from  smellmg;  unfortunately  we  have  not  yet  been  able  to  devise  a 
method  for  isolating  birds  from  the  earth’s  magnetic  field  when  they  are  in  flight,  which  is 
a  necessary  precondition  for  weighing  one  cue  against  the  other. 

References 

Baldaccini,  N.  E.,  S.  Benvenuti,  V.  Fiaschi  &  F.  Papi  (1975a):  In  D.  Denton  &  J.  Coghlan 
(Eds.).  Olfaction  and  Taste  V.  New  York,  Fondon.  Academic  Press. 

Baldaccini,  N.  E.,  S.  Benvenuti,  V.  Fiaschi  &  F.  Papi  (1975b):  J.  Comp.  Physiol.  99,  177-186. 
Baldaccini,  N.  E.,  S.  Benvenuti,  V.  Fiaschi,  P.  Ioale’  &  F.  Papi  (1978;  in  press).  Investigation 
of  pigeon  homing  by  means  of  deflector  cage.  Proc.  Fife  Sciences,  78-91.  Berlin.  Springer 
Verlag. 

Benvenuti,  S.,  V.  Fiaschi,  F.  Fiore  &  F.  Papi  (1973):  J.  Comp.  Physiol.  83,  81-92. 

Fiaschi,  V.  &  G.  Wagner  (1976):  Experientia  32,  991. 

Hartwick,  R.  F.,  A.  Foa’  &  F.  Papi  (1977):  Beh.  Ecol.  Sociobiol.  2,  81—89. 

Ioale’,  P.,  F.  Papi,  V.  Fiaschi  &  N.  E.  Baldaccini  (in  prep.):  Pigeon  navigation:  effects  upon 
homing  behaviour  by  reversing  wind  direction  at  the  loft. 

Keeton,  W.  T.,  T.  S.  Farkin  &  D.  M.  Windsor  (1974):  J.  Comp.  Physiol.  95,  95-103. 
Kiepenheuer,  J.  (1978a;  in  press):  Inversion  of  the  magnetic  field  during  transport:  its  influence  on 
the  homing  behavior  of  pigeons.  Proc.  Fife  Sciences.  Berlin.  Springer  Verlag. 

Kiepenheuer,  J.  (1978b):  Naturwissenschaften  65,  113. 

Farkin,  T.  S.  &  W.  T.  Keeton  (1976):  J.  Comp.  Physiol.  110,  227-231. 

Papi,  F.  (1976):  Verh.  Dtsch.  Zool.  Gesell.  69,  184-205. 

Papi,  F.,  F.  Fiore,  V.  Fiaschi  &  N.  E.  Baldaccini  (1971):  Monitore  zool.  ital.  (N.S.):  5,  265-267. 
Papi,  F.,  F.  Fiore,  V.  Fiaschi  &  S.  Benvenuti  (1972):  Monitore  zool.  ital.  (N.S.):  6,  85-95. 

Papu  F.,  P.  Ioale’,  V.  Fiaschi,  S.  Benvenuti  &  N.  E.  Baldaccini  (1978,  in  press):  Pigeon 
homing:  cues  detected  during  the  outward  journey  influence  initial  orientation.  Proc.  Fife 
Sciences,  pp.  65-77.  Berlin.  Springer  Verlag. 

Papi,  F.,  W.  T.  Keeton,  A.  I.  Brown  &  S.  Benvenuti  (in  prep.):  Do  American  and  Italian  pigeons 
rely  on  different  homing  mechanisms? 

Schmidt-Koenig,  K.,  &  J.  B.  Phillips  (1978,  in  press):  Focal  anesthesia  of  the  olfactory  membrane 
and  homing  in  pigeons.  Proc.  Fife  Sciences.  Berlin.  Springer  Verlag. 

Wallraff,  H.  G.  (1966):  Z.  vergl.  Physiol.  52,  215-159. 

Wallraff,  H.  G.  (1970):  Z.  vergl.  Physiol.  68,  182-201. 

WiLTSCHKO,  R.,  W.  WiLTSCHKO  &  W.  T.  Keeton  (1978,  in  press):  The  effect  of  outward  journey  in 
an  altered  magnetic  field  in  young  hommg  pigeons.  Proc.  Fife  Sciences.  Berlin.  Springer 
Verlag. 


574 


Pigeon  Homing:  A  Comparison  Between  Recent  Results 
Obtained  in  Different  Countries 


S.  Benvenuti,  N.  E.  Baldaccini,  V.  Fiaschi,  P.  Ioale’  and  F.  Papi 

The  much  debated  question  whether  there  are  important  differences  between  the 
physical  Substrate  patterns  which  provide  navigational  cues  in  various  regions  has  become 
more  pressing  now  that  it  has  been  shown  that  alfactory  cues  are  necessary  for  correct 
Orientation  and  successful  homing  in  pigeons  (for  a  review,  see  Papi,  1976).  In  fact,  some 
of  the  first  attempts  made  abroad  to  repeat  the  experiments  of  the  Italian  investigators, 
which  supported  the  hypothesis  of  pigeons  navigation  by  olfactory  cues,  produced 
negative  or  inconclusive  results,  and  suggested  that  olfactory  Information  might  only  be 
useful  to  pigeons  which  live,  like  Italian  ones,  in  areas  particularly  rieh  in  aromatic 
Vegetation  (Keeton,  1974;  Krebs,  1975;  Keeton  &  Brown,  1976).  In  this  view,  pigeons 
of  different  regions  rely  for  their  navigation  on  cues  of  different  nature.  This  hypothesis, 
however,  seems  improbable  to  us  after  considering  the  results  of  experiments  recently 
performed  or  in  progress  in  Germany,  Switzerland  and  in  the  United  States.  It  is  aim  of  the 
present  paper  to  survey  these  results  and  compare  them  with  those  obtained  in  analogous 
experiments  carried  out  in  Italy. 

The  experiments  which  are  auitable  for  comparison  may  be  divided  into  four  groups:  a) 
those' in  which  olfactory  perception  is  disturbed  at  the  release  site,  b)  those  on  anosmatic 
birds,  c)  those  involving  detours,  and  d)  those  using  deflector  cages. 

Experiments  based  on  disturbance  of  olfactory  perception  at  the  release  site. 

The  olfactory  hypothesis  implies  that  olfactory  Stimuli  experimentally  added  to  the 
natural  ones  should  disturb  the  perception  of  the  olfactory  cues  used  by  pigeons  for 
navigational  purposes.  The  first  experiments  performed  in  Italy  by  applying  strong 
odorants  (a-pinene  and  other  substances)  on  or  near  the  birds’  nostrils  gave  positive 
results.  The  treatment,  however,  disturbed  the  birds’  behaviour  in  a  variable  and 
unpredictable  way  (Benvenuti  et  ah,  1973).  Later  experiments,  in  which  the  birds  were 
also  prevented  from  perceiving  olfactory  cues  in  the  regions  crossed  during  the  outward 
journey,  gave  clearer  results.  In  fact,  their  initial  Orientation  was  consistently  disturbed.  In 
both  series,  homing  performance  was,  as  a  rule,  impaired  too  (Benvenuti  et  ah,  1977).  In 
Switzerland  Fiaschi  &  Wagner  (1976)  obtained  positive  results  by  using  a-pinene  and  by 
transporting  pigeons  with  their  nostrils  free.  In  New  York  state,  on  the  other  hand, 
Cornell  pigeons’  initial  Orientation  was  not  influenced  by  application  of  a-pinene,  either  in 
a  first  experimental  series  (performed  by  transporting  the  birds  to  the  release  site  with  their 
nostrils  free,  Keeton  &  Brown,  1976),  or  in  a  second  series  (birds  transported  with  nasal 
plugs,  Papi  et  ah,  in  prep.).  In  the  second  series,  however,  the  experimental  birds  had 
rather  longer  homing  times  than  control  birds. 

ln  Germany,  application  of  odorants  (a-pinene  and  menthol)  near  to  the  birds’  nostrils 
gave  negative  results  (Hartwick  et  ah,  1978  in  press). 
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Olfactory  deprivation  experiments. 

Several  techniques  have  been  used  in  Order  to  prevent  homing  pigeons  from  smelling.  a) 
bilateral  severance  of  olfactory  nerves,  b)  severance  of  one  olfactory  nerve  and  plugging  of 
the  contralateral  nostril,  c)  Insertion  through  the  choanal  opening  of  plastic  tubings,  which 
were  sealed  in  the  nostril  so  that  air  could  only  get  in  through  the  tubes,  bypassing  the 
olfactory  chamber,  and  d)  plugging  of  both  nostrils.  With  all  these  techniques,  the 
elimination  of  olfactory  ability  has  always  greatly  impaired  pigeon  homing  from  unfamihar 
localities  in  all  the  countries  where  experiments  have  been  performed  (Italy:  Papi  et  ah, 
1971,  1972;  Benvenuti  et  ah,  1973;  Baldaccini  et  ah,  1975a;  Hartwick  et  ah,  1977, 
Switzerland:  Fiaschi  &  Wagner,  1976;  Germany:  unpublished  results  of  one  of  ours 
(S.B.);  New  York  state:  Keeton  &  Hermayer,  personal  communication,  Keeton  et  ah, 
1977;  Papi  et  ah,  in  prep.;  Utah:  Snyder  &  Cheney,  1975).  Olfactory  deprivation  also 
disturbed  initial  Orientation,  so  that  the  birds  departed  in  a  wrong  or  random  direction.  In 
New  York  state  and  Germany,  however,  this  second  effect  was  sometimes  not  very  clear, 
or  was  masked  by  the  random  Orientation  of  the  control  birds,  or  was  absent.  For  this 
reasson  we  use  ±  to  indicate  the  effect  of  olfactory  deprivation  on  German  and  Cornell 
pigeons  in  Table  1. 


Table  1:  Results  of  the  experiments  in  different  countries. 


I 

CH 

D 

N.Y. 

Utah 

Disturbance  of  olfactory  perception 

+ 

+ 

— 

— 

Olfactory  deprivation 

+ 

+ 

+ 

+ 

+ 

Detour  experiments 

+ 

+ 

+ 

Deflector  cage  experiments 

+ 

+ 

+ 

Detour  experiments. 

If  two  groups  of  pigeons  are  transported  simultaneously  to  the  same  release  site  by 
different  routes,  with  the  first  segments  of  the  two  routes  diverging  strongly,  the  birds  are 
often  differently  oriented  (Fig.  1).  In  fact,  they  show  the  tendency  to  depart  in  a  direction 
opposite  to  that  of  the  first  leg  of  their  outward  journey  (Papi  et  ah,  1973,  1978;  Papi, 
1976).  Therefore,  one  group  deflects  clockwise  and  the  other  counterclockwise.  The 
detour  effect  may  be  attributed  to  the  odours  perceived  during  the  initial  part  of  the 
outward  journey  which  are  more  familiär.  This  agrees  with  the  fact  that  the  detour  effect  is 
absent  in  birds  prevented  from  smelling  during  the  outward  journey. 

For  unknown  reasons,  the  detour  effect  is  variable,  and  only  some  kmds  of  detour 
produced  a  significant  difference  in  the  initial  Orientation  of  the  two  bird  groups.  In  Italy, 
27  detour  experiments  on  new-to-site  birds  were  performed  using  12  kinds  of  detour.  In  17 
cases  a  significant  difference  in  the  Orientation  between  the  two  groups  was  found.  In 
Switzerland,  one  detour  experiment  performed  by  Fiaschi  &  Wagner  (1976)  produced 
the  predicted  effect,  while  in  Germany,  Hartwick  et  ah  (1978,  in  press)  were  able  to  find 
only  one  site,  out  of  12  experimented,  in  which  Frankfurt  birds  consistently  revealed  a 
significant  deviation  from  the  predicted  directions.  However,  poolmg  the  data  of  all  their 
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experiments,  two  bearing  distributions  were  found,  the  mean  vectors  of  which  were 
significantly  different. 

In  New  York  state  some  detour  experiments  were  first  performed  by  Keeton  (1974) 
with  negative  results.  However,  in  a  second  series  of  experiments,  performed  by  Keeton 
&  Brown  together  with  two  of  us  (S.B.  and  F.P.)  the  effect  of  three  new  kinds  of  detours 
was  tested,  and  it  was  found  that  one  of  them  produced  the  expected  deflection,  in  the  first 
experiment  and  in  its  repetition  (Papi  et  ah,  in  prep.). 


cw  ccw 


RS. 


Figure  1.  Three  detour  experiments,  performed  in  Italy  (top),  in  Switzerland  (center),  and  in  New 
York  state  (bottom).  In  each  experiment  two  groups  of  birds  were  transported  from  home  to  the 
release  site  following  the  two  routes  indicated  in  the  map.  Each  pair  of  circular  diagrams  shows  the 
initial  Orientation  of  the  group  expected  to  deflect  clockwise  (CW,  on  the  left)  and  of  the  group 
expected  to  deflect  counter-clockwise  (CCW,  on  the  right).  Each  Symbol  on  the  periphery  of  the 
circles  indicates  the  vanishing  bearing  of  one  bird.  The  inner  arrow  gives  the  mean  vector,  whose 
length  can  be  read  with  the  scale  in  the  first  diagram;  the  outer  arrow  indicates  home,  whose  direction 
and  distance  are  given  (from  Papi,  1976;  Fiaschi  &  Wagner,  1976;  and  from  Papi  et  ah,  in  prep.). 


Deflector  cage  experiments. 

In  cigreement  with  the  olfactory  hypothesis,  pigeons  reared  in  large  outdoor  cages,  fitted 
with  wind  deflectors  producing  a  clockwise  or  counter  clockwise  deflection  of  the  wind 
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before  it  reaches  the  cage,  are  fxpected  lo  show  a  corresponding  deflection  in  their  mean 
bearing  at  the  release  site.  The  positive  results  obtained  in  Italy  are  reported  in  the  papers 
of  Baldaccini  et  al.  (1975b,  1978),  and  Papi  (1976).  Recently,  deflector  cages  identical  to 
those  used  by  the  Italian  investigators  have  also  been  employed  in  Germany  and  in  the 
United  States.  Reports  of  these  results,  agreeing  with  those  obtained  in  Italy,  will  soon  be 
published  (Kiepenheuer,  personal  communication,  Waldvogel  et  ah,  in  prep.).  Fig.  2 
shows  some  of  the  results  obtained  in  these  three  countries. 


ccw 


ITALY 


GERMANY 


NEW  YORK  STATE 


CW 


Figure  2.  Initial  orientation  of  the  birds  from  deflector  cages.  Results  obtained  in  Italy  (Baldaccini 
et  al  1975b),  in  Germany  (J.  Kiepenheuer,  personal  communication)  and  m  New  York  state  (Papi 
et  al.’  in  prep.;  the  data  refer  to  the  birds  at  their  first  flight).  In  each  horizontal  row,  the  bearmgs 
of  the  experim’entals  expected  to  deflect  counterclockwise  (CCW)  and  clockwise  (CW),  as  well  as 
those  of  the  Controls  (C)  are  shown.  Home  direction  (H)  has  been  set  to  zero.  Other  explanations  as  m 

Fig.  1. 


Conclusions. 

From  the  facts  reported  above,  it  appears  that  pigeons’  dependence  on  olfactory  cues  for 
navigation  is  a  general  phenomenon  and  that  is  not  restricted  to  some  areas.  This 
conclusion  is  mainly  supported  by  the  fact  that  anosmatic  pigeons  are  always  greatly 
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impaired  in  homing  from  unfamiliar  sites.  The  similarity  in  the  results  obtained  in  different 
countries  with  the  detour  and  cieflector  cage  experiments  Stands  as  further  evidence  that  the 
Same  homing  mechanisms  are  operative  in  pigeons  of  different  areas. 

The  initial  Orientation  of  pigeons  in  Germany  and  New  York  state,  however,  appears  to 
be  only  slightly  affected  by  treatment  with  odorants  and  by  olfactory  deprivation.  In  our 
opinion,  this  may  be  related  to  the  fact  that  in  these  areas  even  normal  (i.  e.  unmani- 
pulated)  pigeons  are  often  randomly  oriented  or  have  a  strong  orientational  bias.  Because 
recent  experiments  performed  by  exchanging  young  German  and  Italian  pigeons  failed  to 
show  genetic  differences  in  the  homing  behaviour  (unpublished  data),  we  suggest  that  the 
differences  observed  are  due  to  regional  differences  in  concentration  of  natural  odours 
and/or  to  different  techniques  of  rearing  and  training,  especially  if  these  involve  differences 
in  degree  of  exposure  to  winds.  On  the  other  hand,  as  recently  emphasized  by  Wallraff 
(1978,  in  press),  the  direction  chosen  by  displaced  pigeons  at  departure  may  depend  upon 
several  circumstances.  Recent  findings  also  indicate  the  possible  influence  of  magnetic  cues 
detected  en  route  (see  the  papers  of  Papi  &  Kiepenheuer  in  this  volume).  So  it  may  well 
be  that  the  factors  influencing  the  Orientation  of  pigeons  have  a  different  relative 
importance  in  different  areas. 
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Introduction 

In  recent  laboratory  cardiac  conditioning  experiments  (Schmidt-Koenig  &  Phillips, 
1978)  Xylocain  spray  was  shown  to  eliminate  olfaction  in  pigeons  for  60-90  min.  This 
technique  of  local  anesthesia  has  the  advantage  of  being  reversible,  not  interfermg  with 
breathing  and  being  at  best  only  mildly  traumatic  as  compared  to  inserting  nasal  tubes  or 
surgically  dissecting  the  olfactory  nerve  (Papi  et  ah,  1971 ;  Benvenuti  et  ah,  1973;  Keeton 
et  ah,  1977;  Hartwick  et  ah,  1977;  Hermayer  &  Keeton,  ms.  in  prep.).  While  more 
laboratory  experiments  are  in  progress  to  test  other,  longer  lastmg  local  anesthetics, 
additional  homing  experiments  were  carried  out  in  Sept.  1977  with  xylocam  spray  to  test 
the  effect  of  eliminated  olfaction  at  shorter  releasing  distances  (25  km)  than  used  previously 
(40  km  and  70  km)  and  entirely  untreated  birds  were  used  as  “super-controls”. 

T 

home 


Figure  1.  Summarized  initial  Orientation  (circular  diagrams)  and  homing  performance  (histograms)  of 
four  releases  from  25  km.  XREP,  xylocain  repeatedly;  NXREP  no-xylocam  repeatedly;  C,  untreated 
Controls.  Direction  of  the  mean  vector  (a),  its  length  (a)  and  sample  size  (N)  are  given  m  the  arcular 
diagrams.  Homing  performance  has  been  summarized  m  eight  classes  of  12  km/h  and  below  H  km  i 
in  dass  RD,  homed  on  the  day  of  release;  L,  homed  after  the  day  of  release;  O,  never  homec  . 


Methods  and  birds 


Commercial  xylocain  spray  was  used.  I  am  indebted  to  Astra  Chemicals,  Wedel, 
W-Germany  for  supplying  no-xylocain  spray  identical  to  the  commercial  preparation 
lacking  only  the  local  anesthetic  component.  The  spray,  reduced  from  human  oto- 
laryngeal  dosage,  was  applied  through  the  choanal  opening. 
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One  round  of  4  releases  was  performed  from  25  km  distance  in  the  Cardinal  compass 
directions  with  three  groups  of  experienced  birds.  Experimental  birds  (XREP)  were 
sprayed  with  xylocain  before  dixplacement  and  repeatedly  every  75  min  until  the  last  bird 
was  released.  Likewise,  control  birds  (NXREP)  were  treated  repeatedly  with  no-xylocain 
spray.  Super-control  birds  (C)  remained  entirely  untreated.  Treatment  was  rotated  among 
the  three  groups.  The  birds  were  transported  to  the  release  site  in  crates  in  the  open  on  a 
rack  of  a  VW  bus  or  inside  a  passenger  car  with  windows  rolled  down.  Initial  Orientation 
was  recorded  by  field  glass  observation  and  precessed  vectorially  in  the  usual  manner. 
Homing  performance  was  timed  and  calculated  in  km/h  (e.g.  Schmidt-Koenig  & 
Phillips,  1978). 

Initial  Orientation  was  tested  with  the  RAYLEiGH-test  for  randomness,  the  V-test  for 
homeward  directedness,  the  Watson  test  for  inter-sample  differences  (e.g. 
Schmidt-Koenig,  1975,  Appendix).  Homing  performance  was  tested  with  the  Mann- 
Whitney  U  test  (Siegel,  1956). 


home 


0  L  RD  12  36  i8  60  ^60  km ’h  OL  RD  12  2<  36  iS  60  ^60  km/h 


Figure  2.  Summarized  initial  Orientation  (circular  diagrams)  and  homing  performance  (histo- 
grams)  of  all  8  XREP  and  NXREP  releases  from  25  and  70  km  and  of  the  4  releases  of  untreated 

Controls  from  25  km.  Symbols  as  in  Fig.  1. 


Results 

Initial  orientation  and  homing  performance  are  summarized  in  Fig.  1.  In  the  4  single 
releases  initial  orientation  was  never  significantly  different  (p>0.05)  among  the  groups; 
non-randomness  and  hemeward  directedness  of  bearings  were  only  exceptionally  signi- 
ficant  (p:<0.01).  In  the  summarized  diagrams  (Fig.  1)  the  XREP  were  nonrandom  at 
0.05>p>0.01  and  homeward-directed  at  p>0.05;  the  NXREP  were  nonrandom  at  p<0.01 
and  homeward  directed  at  p  =  0.05;  the  Controls  were  nonrandom  and  homeward  directed 
at  p<0.01 .  This  apparent  superiority  of  NXREP  and  of  super-controls  over  XREPs  was  so 
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marginal  that  the  Watson  test  does  not  detect  any  difference  among  the  groups  (p>0.05). 
There  continues  to  be  no  difference  (p»0.05)  when  the  present  data  from  25  km  are 
summarized  with  the  previous  data  from  70  km  (the  40  km  do  not  qualify  for  summarizing 
because  treatment  was  different).  This  summary  is  given  in  Fig.  2.  In  all  three  diagrams 
birds  are  homeward-directed  (^0.01)  and  at  least  marginally  nonrandom  (0.05>p>0.01  or 

b  etter). 

Homing  performance  of  XREPs  was  inconsistent.  It  was  very  poor  in  one  of  the  four  25 
km  releases  (p<0.01  against  the  Controls)  and  inferior  to  Controls  in  another  release  with 
marginal  significance  (p  =  0.03)  both  producing  a  difference  between  XREP  and  Controls  in 
the  summarized  diagram  (Fig.  1)  at  p<0.01.  NXREP  and  XREP  were  not  different 

(p>0.05). 


Discussion  and  conclusion 

Previous  experiments  (Schmidt-Koenig  &  Phillips,  1978)  were  designed  to  eliminate 
the  perception  of  olfactory  cues  in  experimental  birds  during  the  outward  journey, 
accordmg  to  Papi  et  al.  (1972)  that  portion  of  the  homing  process  during  which  pigeons 
identify  local  odors  and  the  direction  of  displacement.  The  elimination  of  olfaction  had 
only  slight  and  inconsistent  effects  on  initial  Orientation  and  homing  performance.  The 
homing  experiments  with  repeated  application  of  xylocain  were  designed  to  eliminate 
olfaction  in  the  experimental  birds  during  the  outward  journey,  the  waiting  period  at  the 
release  site  and  for  as  much  of  the  homing  flight  as  the  remaining  local  anesthetic  effect  of 
xylocain  would  last.  This  treatment  clearly  did  not  have  any  negative  effect  on  initial 
Orientation.  There  was  some  effect  on  homing  performance  if  treated  birds  and  untreated 
Controls  are  compared  but  this  effect  was  not  consistent.  These  results  may  be  considered 
to  be  somewhat  similar  to  those  of  Keeton  et  al.  (1977)  in  experiments  with  birds  with 
nasal  tubes.  The  present  results  continue  to  support  the  view  that  olfactory  Information 
may  be  considered  a  factor  of  second  Order  importance  but  it  is  not  an  essential  element  in 
pigeon  homing.  Birds  without  olfactory  input  like  control  birds  have  no  difficulties 
selectmg  the  home  direction  upon  release  homing. 
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New  Sensory  Cues  for  Bird  Navigation 
Melvin  L.  Kreithen 
Introduction 

If  you  had  King  Solomon’s  ring,  what  questions  would  you  ask? 

By  using  very  simple  cardiac  conditioning  methods,  it  is  possible  to  ask  a  bird  questions 
about  what  it  can  sense.  The  bird  answers  these  questions  by  increasing  its  heart  rate 
whenever  it  detects  a  new  Stimulus.  By  asking  questions  in  this  way,  I  have  been  able  to 
show  that  homing  pigeons  are  sensitive  to  ultraviolet  light,  polarized  light,  atmospheric 
pressure  changes,  and  infrasounds.  These  are  only  laboratory  tests,  but  they  have  opened 
our  minds  to  a  wealth  of  new  possibilities  that  were  beyond  our  imagination  just  a  few 
years  ago.  I  would  like  to  review  these  results  and  to  point  out  areas  for  future  research  in 
the  light  of  these  new  discoveries.  I  will  be  brief  and  therefore  suggest  that  readers 
mterested  in  further  details  use  the  included  references. 

Vision 

It  has  always  been  assumed  that  ultraviolet  (UV)  light  was  only  detectable  by  insects  and 
that  vertebrates  are  UV  blind.  Unless  we  use  special  Instruments  we  cannot  see  the 
“invisible”  UV  patterns  on  flowers,  on  insects,  and  in  the  sky  (Fig.  1).  We  have  known 
that  ants  and  bees  can  see  patterns  of  polarized  light  and  UV  light  in  the  sky  and  use  it  for 
their  Orientation  (von  Frisch,  1967).  We  have  been  led  to  believe  that  these  cues  are  not 
used  by  any  vertebrate  animal. 


Figure  1.  Patterns  of  flowers  and  insects 
with  visible  and  with  UV  light.  Cameras 
fitted  with  quartz  lenses,  UV  sensitive  emul- 
sions  and  filters  can  reveal  patterns  in  UV 
light  which  are  invisible  to  us. 

Photos:  T.  Eisner,  Cornell  University. 


Everything  is  now  changed.  A  simple  experiment  in  my  laboratory  showed  that  homing 
pigeons  are  remarkably  sensitive  to  UV  light.  In  another  experiment  a  few  years  earlier,  I 
showed  that  pigeons  could  detect  polarized  light  as  well.  In  many  ways,  the  vision  of  birds 
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is  more  like  insects  than  our  own  (Kreithen  &  Eisner,  1978;  KRmTHEN^&  Keeton, 
1973).  Figure  2  shows  the  color  responses  of  pigeons  to  both  UV  and  “visible  light.  There 
are  two  sensitive  regions,  one  in  the  blue  green  (similar  to  our  own  vision)  and  one 
sensitive  region  in  the  UV  at  350  nm.  The  350  nm  region  is  completely  invisible  to  humans. 
I  often  look  into  the  test  chamber  when  the  bird  is  responding  to  the  UV  light  and  I  am 
frustrated  when  I  can  see  nothing  at  all. 


5  'ö' 
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Figure  2.  Spectral  sensitivity  of  a  pigeon  to 
UV  and  visible  light.  Fach  dot  is  the  thres- 
hold  for  light  detection  at  each  wavelength 
tested.  Yellow  pigments  in  the  human  lens 
prevent  hght  of  less  than  400  mm  from 
reaching  our  retinas.  Birds,  however,  do  not 
have  these  pigments  and  UV  light  can  and 
does  reach  their  retinas. 


I  have  watched  the  birds  perform  another  remarkable  feat;  they  can  see  images  usmg  UV 
hght  alone.  Three  of  my  pigeons  were  tested,  again  with  cardiac  conditionmg  methods, 
with  a  simple  visual  task  requiring  visual  acuity.  The  birds  watched  small  targets  (dark 
crosshairs  on  a  light  background)  as  indicated  by  a  heart  rate  increase,  when  these  targets 
moved  across  the  screen.  The  crosshairs  are  less  than  1  mm  wide  and  are  50  cm  from  the 
bird’s  eye.  This  is  sufficient  acuity  to  resolve  features  on  the  antennae  of  butterfhes. 
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Figure  3  Polarized  hght  detection  by  the  homing  pigeon.  Upper  half  of  the  figure  is  a  diagram  of  t  e 
testing  apparatus.  Lower  half  are  1)  heart  rate  responses  to  test  trials  (shaded)  -  polarizmg  filter  rotates 
followecl  by  a  mild  shock;  and  2)  responses  to  control  tnals  (unshaded)  -  no  rotation  and  no  shock. 
Only  visibfe  wavelengths  were  used  as  this  was  prior  to  the  discovery  of  UV  sensitivity.  Copyright 
Scientific  American,  December,  1974.  All  rights  reserved. 
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What  is  the  meaning  of  these  findings  for  the  future  of  ornithological  research?  It  is  clear 
that  birds  can  detect  UV  light  and  polarized  light  —  even  if  we  can’t.  What  other  birds 
besides  pigeons  have  these  senses?  UV  vision  has  only  been  tried  with  pigeons,  crows,  and 
hummingbirds  (Kreithen  &  Eisner,  1978;  Delius  et  ah,  1978;  Verheijen,  pers.  comm.; 
Huth  &  Burkhardt,  1972).  Polarized  light  has  only  been  tried  with  pigeons  (Fig.  3)  - 
what  about  all  of  the  other  birds? 

If  insectivorous  birds  can  see  UV  patterns,  then  the  whole  concept  of  Camouflage  and 
cryptic  patterns  will  have  to  be  re-examined.  There  are  many  insects  which  appear  to  be 
cryptic  to  our  eyes,  but  are  not  cryptic  in  the  UV.  If  birds  can  see  them,  then  what  was  the 
selection  pressure  on  those  insects? 

The  laboratory  results  are  exciting  in  themselves,  but  we  still  don’t  know  if  a  bird  sees 
the  UV  patterns  of  polarized  light  in  the  natural  sky.  Do  they  use  these  patterns  for 
navigation  —  are  they  capable  of  behaving  like  honeybees? 

Atmospheric  pressure  and  infrasounds 

It  is  clear  from  excellent  studies  about  bird  migration  and  weather  patterns  that  birds  are 
competent  meteorologists.  The  correlation  of  migration  with  certain  weather  patterns  is 
good  enough  to  issue  aircraft  warnings  forcasting  high  bird  densities.  We  do  not  know 
how  the  birds  sense  changing  weather  patterns,  we  only  know  that,  somehow,  they  are 
able  to  do  it. 


Figure  4.  Acoustic  monitors  -  the  four 
circles  -  detect  and  track  infrasounds  produc- 
ed  by  a  thunderstorm  (square).  Data  from 
the  U.S.  Weather  Service.  Modified  from 
Bowman  &  Bedard,  1971. 


Meteorologists  rely  heavily  on  the  Barometer  as  an  instrument  for  detecting  weather 
patterns  and  their  corresponding  air  pressure  changes.  Several  years  ago,  I  tested  homing 
pigeons  in  the  laboratory  for  their  ability  to  detect  air  pressure  changes.  The  birds  turned 
out  to  be  much  more  sensitive  than  I  had  anticipated.  They  could  detect  air  pressure 
changes  of  less  than  0.1  mm  Hg  (Kreithen,  1974a).  These  were  early  tests  and  we  had 
much  to  learn.  But  it  was  clear  that  the  birds  had  highly  sensitive  pressure  sensors, 
although  we  still  do  not  know  where  this  apparatus  is  located  within  the  bird. 
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Meteorologists  told  us  of  another  method  for  storm  and  weather  detection  based  on 
Instruments  which  measurevery  low  frequency  sounds  (infrasounds)  produced  by  weather 
and  other  geophysical  events.  Infrasounds  from  storms  and  other  natural  phenomena  are 
useful  to  meteorologists  because  the  sounds  are  loud  (often  greater  than  100  dB  sound 
pressure  level)  and  because  the  sounds  propagate  far  and  can  stdl  be  detected  even 
thousands  of  km  from  their  sources  (Figure  4).  Besides  weather  patterns,  there  are  many 
other  natural  and  man-made  sources  of  infrasounds  including:  mountains  and  valleys  with 
appropriate  winds  blowing  (Fig.  5),  Aurora  Borealis  and  magnetic  storms,  earthquakes, 
ocean  waves,  volcanoes,  jet  streams,  meteor  showers,  rocket  launches,  supersonic  aircraft 
(SST’s)  and  explosions,  to  name  only  a  few  (Cook,  1969;  Procunier,  1971;  Wilson, 
1971;  Bowman  &  Bedard,  1971;  Balachandran  et  ah,  1977). 


Figure  5.  Infrasound  production  by  moun¬ 
tains  and  winds  in  the  Northwestern  U.S. 
Hatched  areas  are  sound  producing  regions 
monitored  by  infrasound  microphone  arrays 
(circles). 


Infrasounds  are  sounds  of  less  than  10  Hz  and  are  named  to  reflect  our  own  inability  to 
hear  them.  They  are  true  sounds,  however,  in  the  sense  that  they  obey  the  normal  laws  for 
sound  propagation.  Sound  attenuation,  for  example,  is  proportional  to  the  square  of  the 
frequency,  and  therefore  very  low  frequency  sounds  can  travel  extremly  long  distances 
with  little  reduction  in  amplitude.  Some  of  the  infrasounds  from  volcano  eruptions  have 
been  observed  to  circle  the  globe  several  times  before  the  energy  was  dissipated. 

We  tested  homing  pigeons  in  an  infrasound  chamber  in  my  laboratory,  and  much  to  our 
surprise  the  birds  could  detect  these  extrem ely  low  frequency  sounds  (Yodlowski  et  ah, 
1977,  Kreithen  &  Quine,  1979).  Once  again,  cardiac  conditioning  methods  were  used. 
To  summarize  the  results  of  several  long  series  of  tests,  the  birds  can  detect  the  lowest 
frequency  sounds  which  we  can  produce-  0.05  Hz.  They  are  much  more  sensitive  than  we 
are;  at  least  50  dB  better  where  the  ranges  overlap  at  all  (Fig.  6).  And  they  detect  these 
sounds  with  an  unknown  sense  organ  that  seems  to  be  located  within  the  inner  ear 

structures. 

These  are  laboratory  tests,  carefully  controlled  for  artifacts.  These  tests  do  not  prove 
that  pigeons  can  use  infrasounds  in  the  complex  world  outside  of  the  laboratory.  It  does 
not  teil  US  if  birds  can  separate  one  sound  from  the  many  arriving  concurrently,  or  if  they 
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can  filter  the  true  infrasound  signals  from  the  non-propagating  turbulence  patterns  which 
sometimes  appear  with  high  winds  (pseudosounds).  Nor  do  these  tests  answer  how  a  bird 
might  localize  a  0.1  Hz  sound  where  the  wavelength  is  3.4  km  and  ordinary  binaural 
localization  methods  do  not  work.  But  it  is  a  good  first  Step,  and  it  does  show  it  is  feasible 
to  continue  and  to  explore  the  possibilities  of  infrasound  cues  by  birds.  There  are,  of 
course,  many  unanswered  questions  raised  by  these  findings. 

How  do  birds  use  their  pressure  sensitivity?  Do  they  use  it  as  an  altimeter?  It  is  known 
that  birds  do  control  their  altitude  even  when  clouds  and  darkness  obscure  visible  land- 
marks  (Griffin,  1972).  Do  they  use  their  pressure  sensors  as  a  barometer?  Is  this  what 
migratory  birds  use  to  trigger  “Zugunruhe”?  Remember  —  only  pigeons  have  been  tested; 
what  about  all  of  the  migratory  birds?  Are  infrasounds  part  of  an  acoustic  map  System 
wherein  the  bird  keeps  track  of  its  position  with  respect  to  local  and  long  distance  sound 
sources?  Can  birds  hear  the  infrasounds  from  approaching  storm  fronts  and  are  they 
able  to  estimate  the  distance  and  direction  of  the  storm?  I  do  not  know  the  answers 
to  any  of  these  questions. 
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Figure  6.  Infrasound  sensivity  of 
the  homing  pigeon.  Fach  filled 
circle  is  the  result  of  laboratory 
testing  for  infrasound  thresholds 
(50%)  determined  at  each 
frequency  tested.  Triangles  repre- 
sent  human  thresholds  and  circles 
are  pigeon  auditory  thresholds  by 
other  workers.  Vertical  bars  indi- 
cate  some  natural  infrasound 
levels. 


Conclusions 

I  have  asked  some  simple  questions  about  the  senses  of  birds  and  I  have  gotten  back 
some  amazing  answers  from  the  animals  themselves.  The  birds  have  indicated  that  they  can 
detect  ultraviolet  light,  polarized  light,  atmospheric  pressure,  and  infrasound.  I  have  also 
performed  tests  with  magnetic  fields,  olfaction,  but  space  and  time  limits  my  discussion  of 
these  topics  (Kreithen  &  Keeton,  1974c;  Kreithen,  1978a;  Keeton,  Kreithen  & 
Hermayer,  1977). 

These  simple  laboratory  results  have  raised  far  more  new  questions  than  they  have 
answered.  Do  the  birds  use  all  these  sensory  channels  in  their  everyday  world?  Can  other 
birds,  not  just  homing  pigeons,  do  these  fantastic  things?  What  eise  can  they  do  that  we 
haven’t  even  thought  to  ask?  We  have  seen  only  the  beginning  of  a  long  and  complex  story. 
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Effects  of  Magnetic  Fields  on  Pigeon  Orientation 

Charles  Walcott 

Since  Keeton  (1971)  showed  that  homing  pigeons  with  bar  magnets  on  their  backs  were 
often  disoriented  when  released  under  overcast  skies,  there  has  been  increasing  evidence 
that  magnetic  fields  influence  pigeon  Orientation.  It  now  seems  clear  that  both  magnets  and 
Helmholtz  coils  have  a  clear  effect  on  the  pigeons’  vanishing  bearings  under  overcast 
(Keeton,  1971,  1972;  Walcott  &  Green,  1974;  Visalberghi  &  Alleva,  personal 
communication).  These  results  led  to  the  idea  that  pigeons  might  use  the  earth’s  magnetic 
field  as  a  compass  when  the  sun  was  not  visible.  Keeton  &  Gobert’s  (1970)  demonstra- 
tion  that  first  flight  young  pigeons  had  random  vanishing  bearings  under  overcast  and  were 
disoriented  by  magnets  even  under  sunny  conditions  suggested  that  they  were  using  both 
the  magnetic  and  sun  compass.  But  even  experienced  birds  that  are  well  oriented  under 
overcast  and  when  the  sun  is  visible  use  the  sun  compass,  appear  to  be  effected  by  magnets 
and  Helmholtz  coils  even  under  sunny  conditions  (Keeton,  1972;  Walcott,  1977; 
Visalberghi  &  Alleva,  personal  communication).  The  effect  of  the  magnetic  field  is 
much  smaller  under  sunny  than  in  overcast  conditions.  Under  sun,  there  is  usually  only  a 
small  increase  in  the  scatter  of  the  vanishing  bearings  or  a  few  degrees  difference  in  the 
average  vanishing  direction  of  pigeons  with  different  polarity  Helmholtz  coils.  The 
slightness  of  the  effect  makes  one  wonder  whether  it  is  real  or  whether  it  might  be  some 
kind  of  experimental  artifact.  That  the  effect  is  real  is  suggested  by  another  series  of 
observations:  Yeagley  (1951),  Keeton,  Larkin  &  Windsor  (1974),  and  Schreiber  & 
Rossi  (1976)  have  shown  that  there  is  a  correlation  between  sun  spot  number,  the  natural 
variability  of  the  earth’s  magnetic  field  and  the  pigeons’  vanishing  bearings  under  sunny 
skies.  Arsetti  (1952),  Graue  (1965),  Talkington,  (1967),  Wagner  (1976),  Frei  & 
Wagner  (1976)  and  Walcott  (1978)  report  that  anomalies  in  the  earth’s  magnetic  field 
disrupt  the  pigeons’s  initial  vanishing  bearings.  Since  magnetic  anomalies  unlike  other 
fluctuations  in  the  earth’s  magnetic  field  are  both  constant  from  day  to  day  and  fixed  in 
their  geographic  location,  one  can  compare  the  degree  to  which  Orientation  is  disrupted 
with  the  magnetic  topography  of  the  release  site.  In  particular  one  can  see  whether  there  is 
a  relationship  between  the  strength  of  the  anomaly  and  the  amount  of  disorientation  and 
one  can  also  ask  whether  there  is  a  correlation  between  geographic  features  of  the  anomaly 
and  the  pigeons’  Orientation.  Our  hope  was  that  such  a  comparison  might  teil  us  something 
about  the  relationship  between  the  magnetic  field  and  the  pigeon’s  Orientation. 

Procedures 

Magnetic  anomalies  were  found  using  the  aeromagnetic  maps  published  by  the  U.S. 
Geological  Survey.  Experienced  homing  pigeons  were  released  under  sunny  skies  and 
radio  tracked  at  each  site.  The  compass  bearing  of  the  pigeon  was  recorded  every  minute 
until  the  radio  signal  disappeared  and  the  direction  in  which  the  radio  signal  was  last  heard 
is  the  vanishing  bearing.  In  addition,  data  from  release  points  which  had  been  used  for 
other  experiments  and  whose  magnetic  topography  is  known  are  included.  For  details  of 
the  procedure  see  Walcott  (1978). 
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Table  1.  Correlation  between  different  measures  of  the  magnetic  topography  and  the  length  of  the 
mean  vector  of  the  pigeon’s  vanishing  bearings  at  twelve  different  release  sites. 


Correlation  coefficient 

Total  magnetic  intensity 

-.71 

0.5  km  toward  home 

-.89 

1  km  toward  home 

-.92 

2  km  toward  home 

-.8o 

1  km  away  from  home 

-.75 

1  km  left  of  home 

-.75 

1  km  right  of  home 

-.74 

Results 

At  the  strongest  magnetic  anomalies,  pigeons  appear  to  vanish  randomly.  But  at  weak 
anomalies,  there  is  only  an  increase  in  the  scatter  of  the  vanishing  bearings.  Plotting  the 
length  of  the  mean  vector,  which  is  a  measure  of  the  scatter  of  the  vanishing  bearings, 
against  the  relative  total  magnetic  intensity  at  the  release  site  gives  the  result  shown  in  Fig. 

1.  Clearly  one’s  subjective  impression  is  confirmed,  there  is  a  relationship  between  the 
strength  of  the  anomaly  and  the  scatter  of  the  vanishing  bearings.  Despite  this  correlation, 
it  could  be  that  it  is  not  the  total  magnetic  intensity  at  the  release  site  that  is  important  to 
the  pigeon  but  rather  the  changes  in  the  magnetic  Feld  that  the  pigeon  experiences  as  it  flies 
in  the  region  of  the  anomaly.  By  and  large  the  strongest  anomalies  have  the  most  irregulär 
magnetic  Felds,  and  thus  even  if  it  were  the  variability  in  the  magnetic  topography  that  was 
important,  there  might  well  still  be  a  correlation  with  the  total  magnetic  intensity.  To  see  if 
the  topography  was  important  we  first  had  to  find  a  way  of  quantifymg  the  magnetic 
irregularity  at  each  anomaly.  Generally  we  have  chosen  the  release  sites  so  that  pigeons  are 
released  at  the  point  of  greatest  magnetic  intensity  at  each  anomaly.  Thus  which ever  way  a 
pigeon  flies  it  will  experience  a  decrease  in  total  magnetic  intensity.  We  have  chosen  to 
measure  this  decrease  along  a  hne  of  a  given  length  m  a  given  direction.  Thus  the  number 
given  for  magnetic  variability  is  the  difference  between  the  Feld  strength  at  the  release 

Figure  1.  The  total  magnetic  in¬ 
tensity,  in  gammas,  is  plotted 
against  the  length  of  the  mean 
vector  of  the  pigeons’  vanishing 
bearings  for  each  of  the  twelve 
release  points.  The  magnetic  in¬ 
tensity  data  were  taken  from  the 
U.  S.  Geological  Survey  Aero- 
magnetic  Survey  maps  and  are 
given  relative  to  some  arbitrary 
and  unstated  datum.  Each  point 
on  the  graph  represents  the  mean 
vanishing  bearings  of  f5  to  54 
birds  released  for  the  first  time  at 
each  site.  The  solid  line  is  the 
regression  line  plotted  by  the 
least  squares  method. 
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point  and  the  lowest  field  strength  anywhere  along  the  line.  We  have  tried  to  correlate  the 
magnet  variability  along  various  length  lines  in  different  directions  from  the  release  points 
with  the  scatter  of  the  pigeons’  vanishing  bearings;  some  examples  are  shown  in  Table  1. 
Figures  2  and  3  show  two  of  the  most  interesting  relationships:  the  length  of  the  mean 
vector  plotted  against  the  magnetic  variability  along  a  1  km  line  towards  and  away  from  the 
home  loft.  All  the  corelations  between  the  magnetic  variability  and  the  scatter  of  the 
vanishing  bearings  of  the  pigeon  are  significant  at  the  value  of  p  =  0.05  or  less.  But  the  best 
correlation  is  with  the  magnetic  topography  along  a  1  km  line  toward  the  loft. 
Unfortunately  this  correlation  is  not  significantly  better  than  any  of  the  others;  there  are 
not  enough  data. 


Figure  2.  The  maximum  change 
in  magnetic  intensity,  in  gammas, 
from  the  release  site  along  a  1  km 
line  oriented  towards  the  home 
loft  is  plotted  against  the  length 
of  the  mean  vector  of  the  pigeons’ 
vanishing  bearings  at  each  site. 
These  are  the  same  data  from  the 
Same  release  sites  as  shown  in 
Figures  1  and  3. 


The  major  point  that  emerges  from  this  and  the  other  studies  of  Yeagley  (1951), 
Wagner  (1976)  and  Schreiber  &  Rossi  (1976)  is  that  variability  in  the  earth’s  magnetic 
field  has  an  effect  on  pigeon  vanishing  bearings  even  under  sunny  conditions.  This  result 
clearly  implies  that  the  idea  that  pigeons  switch  between  a  magnetic  and  a  sun  compass 
depending  on  whether  the  sun  was  visible  or  not  was  too  simplistic.  The  earth’s  magnetic 
field  seems  to  play  some  role  in  Orientation  even  when  the  sun  is  visible. 

Two  obvious  possibilities  are  that  either  there  is  some  form  of  interaction  between  the 
two  compass  Systems  or  that  the  magnetic  field  is  involved  in  the  pigeon’s  navigation  or 
map.  The  question  of  whether  the  scatter  of  the  pigeons’  vanishing  bearings  is  best 
correlated  with  the  magnetic  topography  in  the  homeward  direction  is  obviously  crucially 
important  in  deciding  between  these  two  alternatives.  If  further  releases  at  other  anomalies 
and  from  various  directions  around  the  anomaly  show  that  the  magnetic  field  toward  home 
is  the  most  important,  this  certainly  suggests  that  pigeons  somehow  know  the  correct 
direction  toward  home  despite  the  magnetic  disturbance.  It  would  imply  that  the  irregulär 
magnetic  field  at  the  anomaly  was  disrupting  a  compass  System  rather  than  interfering  with 
the  pigeon’s  navigation  or  map.  But  even  if  this  proves  to  be  the  case  the  results  are  very 
interesting:  how  could  a  disturbance  of  the  magnetic  field  intefere  with  the  Operation  of  the 
sun  compass?  Young  first  flight  pigeons  apparently  require  both  the  sun  and  the  earth’s 
magnetic  field  for  accurate  homeward  Orientation  (Keeton  &  Gobert,  1970).  Perhaps 


Change  in  Magnetic  Intensity  1km  Towards  Home  (logig) 
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some  sort  of  cross  check  between  the  two  compass  Systems  is  present  even  in  adult  birds. 
But  this  seems  unlikelv  for  a  number  of  reasons.  First,  clock  shifts  cause  a  predictable 
deviation  in  the  initial  heaciings.  Second,  Flelmholtz  coils  which  cause  a  major  shift  in 
vanishmg  bearings  under  overcast  have  a  much  smaller  effect  under  sun.  It  could  be  argued 
that  in  this  case  the  pigeons  were  relying  exclusively  on  the  sun  compass,  but  if  that  were 
the  case,  why  wouldn’t  they  do  the  same  thmg  at  magnetic  anomalies?  The  general 
conclusion  that  I  come  to  is  that  there  is  no  clear  explanation  of  what  the  relation  is 
between  the  two  compass  Systems. 


Chonge  in  Magnetic  Intensity  1  km  Awoy  From  Home  (log^Q) 


Figure  3.  The  same  procedure  as 
in  Figure  2,  but  the  line  was 
oriented  away  from  the  home 
loft. 


Lindauer  (personal  communication)  has  shown  that  honey  bees  in  essentially  constant 
conditions  can  use  the  daily  fluctuations  in  earth’s  magnetic  field  to  entrain  their  biological 
clock.  Even  if  this  were  true  of  pigeons,  the  birds  used  in  our  releases  have  a  clear  view  of 
the  sun  and  natural  day  at  the  loft  before  being  taken  to  the  release  site.  They  are  certainly 
not  deprived  of  photoperiod  Information  as  Lindauer’s  bees  were. 

A  final  possibility  is  that  the  variability  of  the  Earth’s  magnetic  field  disturbs  the  pigeon 
in  some  non-specific  way.  Perhaps  it  interferes  with  the  Operation  of  some  other  sense 
Organ.  This  seems  unlikely  because  strong,  earth  strength,  magnetic  fields  attached  directly 
to  the  pigeon  have  a  small  effect,  while  the  very  small  normal  fluctuations  in  the  earth’s 
field  do  alter  Orientation.  It  seems  most  unlikely  that  these  small  10-100  gamma 
fluctuations  would  cause  a  general  disturbance  in  any  sense  organ.  The  only  conclusion 
that  seems  to  me  safe,  is  that  magnetic  fields  do  have  an  effect  on  pigeon  vanishing  bearings 
even  under  sunny  conditions.  But  how  that  effect  occurs  is  unclear.  Perhaps  a  further 
exploration  of  pigeon  orientation  at  and  around  magnetic  anomalies  may  give  us  a  hint  of 
what  role  the  earth’s  magnetic  field  plays  in  pigeon  orientation. 
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Evidence  is  accumulating  that  Information  picked  up  en  route  is  used  in  the  navigational 
process  of  the  pigeon.  Detours  (Papi  et  al.  1973,  1978,  Hartwick  et  al.  1978),  Inversion  of 
the  vertical  -  (Kiepenheuer  1978  a,  b)  and  of  the  horizontal  magnetic  field  during 
transport  (Wiltschko  et  al.  1978  a,  b)  and  transporting  the  birds  in  iron  box  es  (Papi  et  al. 
1978)  influence  the  Orientation  behavior.  To  evaluate  these  results  we  have  to  consider  that 
there  are  3  sorts  of  Information  the  bird  may  derive  from  the  magnetic  field:  1)  mere 
compass  Information  2)  Information  on  the  magnetic  landscape  (dip  angle  and  intensity) 
and  3)  possibly  Information  derived  from  moving  through  the  field.  Transport  in 
artificially  reversed  fields  affects  only  the  compass  Information  en  route,  while  carrying  the 
birds  in  closed  iron  boxes  deprives  them  of  any  Information  concernmg  the  magnetic  field. 
Since  all  procedures  result  in  a  “wrong”  orientation  on  release  as  demonstrated  by  the 
vanishmg  bearmgs,  we  have  to  mvestigate  Step  by  Step  the  mechanisms  mvolved.  Passive 
transport  is  by  no  means  the  natural  way  of  moving  around  for  a  pigeon.  In  flying  the 
heading  of  the  bird  approximately  coincides  with  its  track;  any  differences  between  track 
and  heading  are  due  to  lateral  drift  by  wind.  Passive  transport  may  be  viewed  as  a  sort  of 
drift  which  the  bird  has  to  perceive  in  some  way.  A  compass  alone,  without  any  other 
(e.  g.  optical)  reference  System,  will  not  furnish  this  Information.  It  gives  only  Information 
on  changes  in  the  heading  during  transport  -  this  Information  may  under  normal 
conditions  be  the  most  important  one. 


Figure  1.  Experimental  setup  for  keeping  the  pigeon  boxes  (PB)  aligned  with  respect  to  magnetic 
north  and  for  reversing  the  field  during  transport.  BC  =  boxcoil,  P  =  magnetometerprobe,  M  = 
magnetometer,  B  =  bearing,  CC  =  cog  and  chain,  VB  =  V-belt,  SW  =  steering  wheel,  Bt  =  battery, 

A  =  ampere-  and  potentiometer. 

One  purpose  of  the  experiments  reported  here  was  to  block  the  Information  on  changes 
in  the  heading  by  keeping  the  transport  boxes  and  the  pigeons  therein  constantly  aligned 


Abt.  f.  Verhaltensphysiologie,  Universität  Tübingen,  Bundesrepublik  Deutschland. 


594 


SYMPOSIUM  ON  GOAL  ORIENTATION 


respect  to  magnetic  north,  the  other  aim  was  to  reverse  the  direction  of  the  horizontal 
rnagnetic  field  during  transport.  The  experimental  Setup  is  illustrated  in  Fig.  1 .  The  pigeons 
(up  to  16)  are  carried  in  double  storied  closed  boxes  (PB)  ventilated  by  cloth  covered  holes, 
surrounded  by  cubic  box  coils.  The  box  coils  (Rubens  1945)  are  used  to  generate  a 
homogenous  horizontal  magnetic  field  inside  the  pigeon  boxes.  In  this  experiment  the  field 
strength  was  so  adjusted  that  together  with  the  earth  field  it  resulted  in  a  magnetic  field 
exactly  opposed  to  the  natural  field  but  of  the  same  magnitude  and  dip.  Two  pigeon  boxes 
with  coils  are  mounted  on  turntables  on  top  of  our  VW  bus,  connected  by  a  V-belt.  The 
axis  of  the  front  turntable  enters  the  bus  and  is  connected  to  a  steering  wheel  by  a  cog  and 
chain  mechanism.  So  both  boxes  can  be  turned  simultaneously  from  inside  the  bus.  Inside 
the  front  box  a  magnetometer  probe  (P)  is  mounted  horizontally,  perpendicular  to  the  field 
of  the  box  coil.  The  probe  is  connected  to  a  magnetometer  inside  the  bus.  By  turning  the 
wheel  by  hand  the  probe  is  so  adjusted  that  the  magnetometer  on  a  sensitive  ränge  reads 
zero,  meaning  exact  E-W  alignment.  Any  small  deviation  from  this  alignment  with  respect 
to  magnetic  E-W  immediately  results  in  a  large  reading  of  the  magnetometer.  By  turning 
the  wheel  and  keeping  the  magnetometer  reading  zero  the  boxes  are  kept  aligned  almost 
perfectly  with  respect  to  magnetic  north  during  transport  to  the  release  site.  Maximum 
short  time  deviations  under  severe  conditions  (very  bumpy  road  or  abrupt  turns)  were  on 
the  Order  of  ±  10°,  while  normally  the  alignment  was  perfect  within  about  ±  2°. 


Figure  2.  Release  sites  and  trans¬ 
port  routes.  L  =  loft,  O  =  upto 
25  km,  #  =  25-70  km. 


Deviations  caused  by  passing  trucks  or  iron  structures  often  were  considerably  larger.  In 
most  experiments  three  groups  of  pigeons  were  used.  One  group  was  carried  in  a  turntable 
box  with  the  magnetic  field  reversed,  turned  on  ca.  200  m  from  the  loft  and  turned  off  on 
arrival  at  the  release  site,  (E-birds),  one  group  in  a  turntable  box  in  the  natural  field 
(C-birds)  and  one  group  in  a  cloth  covered  crate  fixed  to  the  roof  (SC-birds).  The 
treatment  was  rotated  among  the  groups  from  one  experiment  to  the  next,  so  all  pigeons 
were  treated  alike.  The  experiments  were  carried  out  from  May  to  November  1977.  Young 
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birds  (fall  76/sprmg  77)  were  used,  beginning  with  short  ränge  releases  and  gradually 
longer  ränge  releases  up  to  70  km  (see  Fig.  2  for  tracks  and  release  sites).  The  birds  were 
released  alternately  one  by  one  and  tracked  in  the  usual  manner  by  7x50  binoculars  until 
out  of  sight  (ca.  1.5-2  km).  Vanishing  bearings,  vanishing  times  and  homing  speed  were 

recorded. 


Treatment  of  data 

Vanishing  bearings  were  treated  according  to  Standard  methods  of  circular  statistics 
(Batschelet  1965,  1972;  Mardia  1972).  The  nonparametric  Watson  test  normally 
used  in  comparing  directional  data  is  insensitive  to  bimodal  distnbutions,  so  I  was  forced 
to  use  a  less  sensitive  X  Vtest  on  most  of  the  data  (comparing  the  number  of  birds  vanishing 
in  the  homeward  and  the  opposite  semicircle).  The  bearings  were  tested  for  circular  normal 
distribution  by  the  Kuiper-Kolmogorow  test,  when  bimodal  by  doubhng  the  angles. 
Vanishing  times  were  compared  by  the  nonparametric  Mann-Whitney  U-test  and,  smce 
the  logarithmic  data  are  almost  normally  distributed  these  were  tested  by  the  t-test  in 
pooled  data  of  several  releases  after  normalizing  the  data  to  the  mean  of  all  data  of  the  day 
concerned.  Differences  in  homing  speeds  between  groups  were  compared  by  the 
Mann-Whitney  U-test. 


Figure  3.  a)  Vanishing  bearings  of  pigeons  from  sites  up  to  25  km  from  the  1  oft  carried  on  t^rntab  ^s 
(E  =  experimentals  with  magnetic  field  reversed,  C  =  Controls)  and  carried  fixed  to  the  roof  ( 
supercontrols).  The  arrow  denotes  direction  (a)  and  mean  vector  -length  (a)  of  the  bearings. 
Triangles  stand  for  releases  carried  out  without  supercontrols.  b)  Distribution  of  vanishing  times  on  a 

logarithmic  scale  (left)  and  homing  speeds  (right). 
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Figure  4.  Vanishing  bearings  (a)  and  vanishing  times  and  homing  speeds  from  release  sites  25-70  km 

from  the  loft  (see  Fig.  3). 


Results 

In  Order  to  condense  the  data  they  were  pooled  in  two  groups  (release  sites  up  to  25  km 
and  25-70  km  from  the  loft)  even  though  some  individual  experiments  yielded  significant 
results.  Fig.  3a  shows  the  vanishing  bearings  of  17  releases  from  9  sites  (see  Fig.  2)  up  to  25 
km  from  the  loft.  SC  are  supercontrols  carried  fixed  on  the  roof,  E  are  birds  carried  on 
turntables  with  the  magnetic  Feld  reversed,  C  are  birds  carried  on  turntables  in  the  natural 
Feld.  The  mean  vectors  of  all  three  groups  are  homeward  oriented  (V-test).  The  C  and  E 
birds  both  show  a  bias  to  the  right  of  the  supercontrols  (p  <  0.05;  Watson  &  Williams 
test).  Applying  the  X“-test  on  the  data  reveals  no  significant  difference  between  C  and  E 
(p  =  0.6)  nor  between  C  plus  E  and  SC  (p  =  0.28)  concerning  their  tendency  to  fly  away 
from  home  on  release;  the  distributions  do  not  differ  significantly  from  circular  normal. 
Fig.  3b  shows  the  vanishing  times  and  homing  speeds  of  the  birds  released  at  short  ränge. 
Vanishing  times  of  C  and  E  birds  are  significantly  longer  than  those  of  the  supercontrols 
(p  =  0.05,  p  =  0.02,  respectively  C  and  E  combined  are  significant  at  p  <  0.001  -  t-test  on 
logarithmic  data).  The  difference  in  vanishing  times  between  C  and  E  birds  is  not 
significant.  Homing  speeds  of  all  three  groups  at  short  ränge  releases  are  virtually  the  same. 
Fig.  4a  shows  the  pooled  vanishing  bearings  of  8  releases  from  8  different  sites  25-70  km 
from  the  loft  (Fig.  2).  There  again  is  no  significant  difference  in  the  behavior  of  C  and  E 
pigeons  (p  =  0.95).  The  behavior  of  SC  birds,  compared  to  the  E  and  C  birds,  though,  is 
obviously  very  different.  Tlie  X^test  (one  sided)  shows  that  E  as  well  as  C  birds  tend  to  head 
off  in  the  direction  opposite  of  home  (p  =  0.025,  p  =  0.008  resp.,  combined  p  =  0.006). 
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The  triangles  stand  for  beanngs  obtamed  in  experiments  without  supercontrols  (SC),  these 
data  were  only  used  when  companng  the  behavior  of  C  and  E  birds.  A  detailed  analysis  of 
the  data  showed  that  the  bearings  of  C  and  E  birds  actually  are  bimodally  distributed  (after 
doubling  the  angles  the  mean  vector  becomes  longer,  applying  the  Kuiper-Kolmogorow 
test  reveals  the  data  to  be  normally  distributed.  The  distnbution  of  SC  beanngs  on  the 
other  hand  is  not  different  from  a  unimodal  normal  distribution.  (More  details  will  be 
given  in  a  future  publication.)  At  longer  ränge  (25—70  km)  vanishing  times  in  the  three 
groups  are  about  the  same  (C  and  E  combmed  4.03  ±  0.2,  SC  4.16  ±  0.2  mmutes,  x,  sx). 
Homing  speeds  of  SC  are  shghtly  higher  than  those  of  the  C  and  E  birds  (Mann- Whitney 
U-test,  p  =  0.16).  When  we  consider  only  the  faster  50%  of  every  group  (assummg  that 
these  actually  were  eager  to  home)  and  of  these  agam  only  those  birds  which  headed  off 
outside  ±  60°  of  the  home  direction  the  difference  in  homing  speed  between  SC  (n  =  17) 
and  C  -I-  E  birds  (n  =  40)  is  highly  significant  (p  =  0.0015)  (see  Eig.  4b,  c).  The  difference 
in  the  number  of  birds  vanishing  m  the  direction  opposite  of  home  between  short  ränge 
releases  (up  to  25  km)  and  long  ränge  releases  (25-70  km)  is  significant  at  a  level  of  p  =  .04 
for  the  E-birds,  p  =  .01  for  the  C-birds  and  p  <  .001  for  E  plus  C  combined,  while  the 
supercontrols  (SC)  show  absolutely  no  difference  (p  =  0.95). 


Discussion 

Depriving  pigeons  of  information  on  the  turns  encountered  during  transport  obviously 
has  an  influence  on  their  navigational  behavior.  Navigational  mechanisms  based  on  this 
sort  of  information  have  often  been  discussed  e.  g.  by  Barlow  (1964).  Manipulation  of  the 
sensory  Systems  possibly  mvolved  has  been  unsuccessfully  attempted,  e.  g.  by  partly 
destroying  the  vestibulär  apparatus  (Wallraff  1965,  Exner  1893),  spinning  the  birds 
during  transport  (Matthews  1951)  or  anaesthetizing  them  (Walcott  &  Schmidt- 
Koenig  1973).  The  results  presented  here  prove  that  the  navigatory  mechanisms  of  the 
pigeon  actually  do  utilize  information  on  turns  during  transport.  At  short  ränge  other 
mechanisms  (e.  g.  Orientation  by  air  borne  information)  may  obscure  the  effect,  so 
deprivation  of  “turn  information”  may  result  only  in  a  bias  to  the  right  similarly  observed 
at  short  ränge  when  transported  in  a  reversed  magnetic  field  (see  Kiepenheuer  1978  a,  b) 
and  in  longer  vanishing  times,  suggesting  that  the  bird  is  in  some  conflict  about  the 
information  concernmg  the  location  of  the  site.  At  longer  ränge  the  assumed  short  lange 
information”  seems  to  decrease;  pigeons  deprived  of  “turn  information”  do  not  hesitate  to 
fly  off;  vanishing  times  equal  those  of  Controls;  but  the  pigeons  obviously  are  incapable  of 
differentiating  between  the  home  course  and  the  opposite  direction.  If  this  is  so,  it  is  not 
surprising  that  the  pigeons  transported  on  turntables  in  a  reversed  magnetic  field  show  no 
different  behavior  than  those  carried  in  the  natural  field.  Pigeons  carried  on  turntables  and 
heading  off  in  a  wrong  direction  home  significantly  slower  than  Controls  flying  off  in  the 
wrong  direction.  In  the  end  most  of  the  experimental  pigeons  home.  I  therefore  assume 
that  at  a  ränge  of  up  to  at  least  70  km  pigeons  are  able  to  obtain  enough  other  —  e.  g.  an 
borne  -  information  to  decide  whether  the  direction  chosen  is  right  or  wrong,  given 
enough  time  to  acquire  this  information.  This  might  carry  them  out  of  sight  of  the 
observer.  With  growing  distance  from  the  loft  pigeons  kept  aligned  with  respect  to  north 
more  often  head  towards  the  wrong  direction.  The  pattem  of  decrease  of  this  -  maybe 
olfactory  —  information  available  to  the  pigeon  is  gradual,  presumably  loganthmic,  but 
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many  more  experiments  are  necessary  to  establish  the  exact  pattem.  Information  derived 
from  being  carried  through  the  magnetic  field  on  the  other  hand  might  improve 
approximately  linearly  with  distance.  The  two  sets  of  Information  would  necessarily  lead 
to  a  minimum  of  Information  at  some  distance  from  home.  According  to  experiments 
carried  out  so  far,  this  seems  to  be  the  case  at  about  30-40  km.  This  again  corresponds  well 
with  the  results  of  Schmidt-Koenig  (1966,  1968).  I  have  no  definite  answer  yet  to  the 
question  as  to  why  the  Orientation  of  pigeons  deprived  of  turn  Information  en  route  is 
bimodal.  The  effect,  though,  points  to  the  possibility  that  the  navigational  Information 
available  to  the  pigeon  on  release  includes  at  least  two  components;  one  informing  the  bird 
about  the  Orientation  axis  home  -  away  from  home;  the  other  telling  it  which  of  the  two 
directions  is  right.  The  latter  seems  to  be  affected  by  depriving  the  bird  of  turn  Information 
during  transport,  possibly  by  fooling  it  about  the  distance  of  transport.  The  analysis  of  this 
behavior  and  other  considerations  lead  to  a  hypothesis  of  navigation  to  be  presented  in  a 
future  paper. 
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The  Development  of  Sun  Compass  Orientation  in  Young  Homing  Pigeons 

Roswitha  Wiltschko 
Introduction 

Although  homing  pigeons  are  very  well  able  to  Orient  when  the  sun  is  not  visible 
(Keeton  1969),  phase  shifting  their  internal  clock  regularly  results  in  departure  beanngs 
deviating  from  those  of  control  birds  according  to  the  amount  of  phase  shift  and  whether 
the  shift  was  fast  or  slow  (e.g.  Schmidt-Koenig  1961;  see  Keeton  1974  for  review).  This 
clearly  demonstrates  the  outstanding  role  of  the  sun  compass  in  homing:  whenever  the  sun 
is  visible,  the  sun  compass  is  preferentially  used,  dominating  over  all  other  Systems  not 

undergoing  a  periodical  change. 

Very  little,  however,  has  been  known  about  the  ontogeny  of  this  prominent  orientation 
System.  Using  the  sun  compass  requires  the  birds  to  know  the  relationship  between  their 
internal  clocks,  sun  azimuth  and  geographic  direction.  How  is  this  relationship  formed? 
Here  we  will  sum  up  the  results  of  two  test  series  which  give  some  indications  how  the  sun 
compass  develops  in  young  homing  pigeons. 

The  sun  compass  —  innate  or  established  by  experience? 

The  question  was:  is  the  sun  compass  in  birds  inherited  or  is  it  learned  by  experience?  To 
answer  this  question,  the  experience  of  young  pigeons  had  to  be  manipulated  presenung 
them  a  false  yet  non-contradictory  relationship  of  time,  sun  azimuth  and  direction.  The 
easiest  way  to  achieve  this  was  to  manipulate  the  birds’  internal  clocks. 


Figure  1.  The  pooled  departure  bearings  of  7  releases  of  “permanently”  slow  shifted  pigeons  (solid 
Symbols)  do  not  differ  from  the  corresponding  bearings  of  Controls  (open  Symbols).  In  this  and  all 
later  figures,  the  mean  vectors  are  shown  as  arrows  whose  lengths  are  drawn  proportional  to  the 
i-adius  of  the  circle  =  1.  Unless  stated  otherwise,  home  is  set  equal  to  360°. 

Two  groups  of  young  pigeons  were  housed  from  their  weaning  age  onward  in  two 
adjacent  light-tight  rooms.  For  the  control  group,  the  photoperiod  matched  the  natural 
photoperiod  outside;  for  the  experimental  group,  the  photoperiod  was  set  6  h  slow,  i.e. 
the  lights  came  on  6  h  after  sunrise  and  went  off  6  h  after  sunset,  causing  these  birds  to 
grow  up  and  liye  under  a  permanent  6  h  slow  clock  shift.  During  the  overlap  time  of  the 
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natural  and  the  artificial^photoperiods  in  the  afternoon,  both  groups  were  released  together 
for  exercise  flights  around  the  loft  and  later  for  a  series  of  flock  training  releases  up  to 
about  35  km  from  the  Cardinal  compass  directions.  Thus  both  groups  of  young  pigeons 
had  abundant  opportunity  to  see  the  sun  during  their  post-weaning  development,  but  all 
their  experience  took  place  in  the  afternoon,  which  was  the  subjective  “morning”  for  the 
experimental  birds.  For  details  of  the  experimental  procedure,  see  Wiltschko  et  al. 
(1976). 

When  these  pigeons  were  released  singly  under  sun  in  the  usual  manner,  the  Orientation 
of  the  permanently  slow-shifted  birds  did  not  differ  from  that  of  the  Controls.  Fig.  1  gives 
the  pooled  departure  bearings  of  7  such  releases  from  different  sites.  In  none  of  these  tests 
was  a  difference  in  vanishing  interval,  homing  success,  or  homing  speed  found. 

Thus  the  permanently  slow-shifted  birds“  showed  no  indication  of  the  altered  Orientation 
behavior  normally  observed  in  pigeons  whose  internal  clocks  had  undergone  a  regulär 
clock  shift  by  exposure  to  an  altered  photoperiod  for  a  few  days.  Their  Orientation  System 
appeared  to  function  correctly  in  spite  of  the  abnormal  experimental  Situation.  It  was  not 
clear  yet,  however,  whether  the  permanently  slow-shifted  pigeons  used  a  sun  compass  at 
all  or  whether  they  relied  exclusively  on  not  periodically  changing  mechanisms  such  as  the 
magnetic  compass  (cp.  Keeton  1971;  Wallcott  &  Green  1974).  This  was  to  be 
decided  by  a  “regulär”  clock  shift  of  the  experimental  birds  back  to  normal  time. 


Figure  2.  The  pooled  departure  bearings  of  4  releases  of  former  permanently  6  hour  slow  shifted 
pigeons  on  their  first  flight  after  normalization  (solid  Symbols)  show  a  significant  104°  counterclock- 
wise  deviation  from  those  of  the  Controls  (open  Symbols). 


Fig.  2  gives  the  pooled  departure  bearings  of  4  releases  where  former  permanently 
shifted  birds  flew  for  the  first  time  under  sun  after  being  normalized.  The  bearings  of  the 
experimental  birds  show  a  significant  (p  <  o.ool,  Watson  Williams  Test)  counter- 
clockwise  deflection  (ca.  90°)  from  those  of  the  Controls.  Thus  the  normalized  birds 
reacted  like  6  h  fast-shifted  birds,  (cp.  Fig.  3)  i.e.  they  reacted  to  the  phase  shift  of  their 
photoperiod  and  not  to  the  absolute  position  of  the  light  phase  within  the  day. 

These  data  clearly  show  that  the  pigeons  living  under  a  permanent  clock  shift  were  using 
a  sun  compass.  But  their  sun  compass  was  different  from  the  sun  compass  of  normal  birds: 
it  had  been  adapted  to  the  experimentally  set  up  Situation  by  reading  the  morning  sun  as  a 
southerly  sun,  etc.  So  we  conclude  that  the  pigeons’  sun  compass  is  not  inherited,  but  must 
be  established  by  individual  experience. 

Later  experiments  indicated  that  the  sun  compass  of  the  former  permanently  shifted 
birds  could  be  readjusted  to  the  natural  Situation  to  some  extent  (see  Wiltschko  et  al. 
1976). 
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Figure  3.  Data  of  an  experiment  comparing  four  different  groups  of  pigeons.  The  home  direction, 
172°  S,  is  marked  by  a  dashed  line;  home  distance:  74  km. 

(a)  The  departure  bearings  of  the  “permanently”  slow  shifted  pigeons  (solid  Symbols)  and  the 

untreated  Controls  (open  Symbols)  are  homeward  onented  and  almost  identical. 

(b)  The  departure  bearings  of  the  “normalized”,  formerly  “permanently”  6  hour  slow  shifted  pigeons 
(solid  Symbols)  are  distributed  like  the  bearings  of  6  hour  fast  shifted  pigeons  of  the  control  group 
(open  Symbols),  their  means  deviating  109°  and  112°,  respectively,  from  the  mean  of  the  untreated 

Controls  and  the  “permanently”  shifted  birds. 


When  is  the  sun  compass  established? 

When  the  sun  compass  was  shown  to  be  established  by  experience,  the  circumstances  of 
this  learning  process  became  of  interest.  At  what  age  do  pigeons  possess  a  fully  developed 
sun  compass?  A  series  of  clock-shift  tests  with  young  pigeons  was  to  answer  this  question. 

We  used  first-flight  birds,  i.e.  pigeons  that  had  never  been  taken  away  for  training 
releases  prior  to  the  critical  test.  They  had  been  allowed  daily  exercise  flights  around  their 
loft,  and  for  the  tests,  they  were  confined  in  light-tight  rooms  for  at  least  five  days,  setting 
the  internal  clocks  of  the  experimental  birds  6  h  fast.  To  check  the  test  performance,  a 
group  of  young  trained  pigeons  was  subjected  to  the  same  procedure. 


Figure  4.  (a)  The  departure  bearings  of  6  h  fast  shifted  first-flight  pigeons,  9  to  10  weeks  of  age,  are 
homeward  oriented  like  those  of  untreated  first-flight  birds. 

(b)  In  the  trained  Controls,  the  6  h  fast  shift  resulted  in  a  136°  counterclockwise  deviation.  (Data  from 

2  releases  pooled) 

In  this  and  the  following  figures,  solid  symbols  indicate  bearings  of  pigeons  whose  internal  clocks  had 
been  reset  6  h  fast,  and  open  symbols  indicate  bearings  of  untreated  birds. 


The  pooled  departure  bearings  of  two  clock-shift  tests  with  first-flight  pigeons  9  to  10 
weeks  of  age  are  presented  in  Fig.  4a.  The  6  h  fast-shifted  first-flight  birds  were  homeward 
oriented  like  the  untreated  birds  (p  <  o.ool,  V-Test  to  home  and  the  direction  of  the 
Controls),  and  the  Orientation  behavior  and  homing  performance  of  the  two  groups  did  not 
differ  in  any  way.  The  trained  birds,  however,  showed  the  ca.  90°  counterclockwise 
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deviation  normally  observed  after  a  6  h  fast  shift  (untreated  vs.  shifted:  p  <  o.ool, 
Watson  Williams  Test,  cp.  Fig.  4b).  Fig.  5a  presents  corresponding  data  on  two  tests 
with  first-flight  pigeons  about  a  week  older.  Here  a  small  deviation  in  the  expected 
direction  was  observed,  but  it  is  not  significant  (p  >  o.o5)  and  by  far  smaller  than  the  shift 
observed  in  the  trained  Controls  (Fig.  5b).  These  findings  agree  with  an  observation  by 
Keeton  (1971  b)  that  the  effect  of  clock  shift  in  young  first-flight  birds  is  different  from 
that  in  adult  experienced  birds. 


Figure  5.  (a)  The  departure  bearings  of  6  h  fast  shifted  first-flight  pigeons,  10  to  11  weeks  of  age, 
show  a  small  (-32°),  yet  not  significant  deviation  in  the  expected  direction  from  those  of  the  untreated 

first-flight  birds. 

(b)  ln  the  trained  Controls,  the  6  h  fast  shift  resulted  in  a  1 13°  counterclockwise  deviation.  (Data  from 

2  releases  pooled) 

A  deviation  of  the  expected  amount  was  observed  for  the  first  time  in  pigeons  12  weeks 
of  age  (Fig.  6a),  and  it  was  regularly  found  in  first-flight  pigeons  of  16  weeks  and  older 
(Fig.  6b). 


Figure  6.  (a)  In  6  h  fast  shifted  12  weeks  old  first  flight  birds,  a  significant  151°  counterclockwise 

deviation  from  the  untreated  birds  was  found. 

(b)  First-flight  birds  of  16  weeks  and  older  regularly  showed  the  expected  deviation  when  subjected  to 

a  6  h  fast  clock  shift.  (Data  from  3  releases  pooled) 

Thus  first-flight  pigeons  less  than  10  weeks  of  age  were  able  to  depart  homeward 
oriented  and  to  actually  home  from  distances  compatible  with  their  still  limited  flight 
perseverance,  but  they  apparently  did  not  utilize  the  sun  for  direction  finding.  Our  data 
show  that  the  sun  compass  is  normally  established  at  about  the  12‘*’  week  of  age,  soon  to 
take  over  its  role  as  the  predominant  compass  System. 

We  want  to  point  out,  though,  that  our  data  clearly  indicate  that  the  ability  to  home  is 
fully  developed  before  a  sun  compass  is  used.  Hence  determining  the  home  direction  and 
homing  appear  to  be  primarily  independent  from  the  sun  compass.  It  is  not  clear  what 
Orientation  mechanism  the  very  young  pigeons  are  using  instead.  Keeton’s  (1971  a) 
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observation  that  young  first-flight  pigeons  were  disoriented  by  magnets  glued  to  their 
backs  even  when  the  sun  was  visible  might  be  interpreted  as  suggesting  that  they  utilize 
information  from  the  geomagnetic  field. 

Conclusion 

Our  findings  reported  here  indicate  that  pigeons  at  a  very  young  age  possess  the 
orientational  capabilities  to  home,  based  on  cues  which  do  not  undergo  a  change  in  the 
course  of  the  day.  At  the  age  of  about  12  weeks,  the  sun  compass  is  established  by  a 
learning  process  and  quasi  posteriorily  added  to  the  already  functioning  navigation  System, 
where  it  then  becomes  the  compass  mechanism  predominantly  used. 
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Homing  Strategy  of  Pigeons  and  Implications  for  the  Analysis 

of  their  Initial  Orientation 

Hans  G.  Wallraff 


It  is  important  to  know  the  environmental  cues  that  are  involved  in  bird  navigation,  but 
it  is  also  important  to  analyse  the  strategies  by  which  the  birds  make  use  of  the  input  data 
they  are  gathering.  I  will  discuss  certain  aspects  of  these  strategies  together  with  methodo- 
logical  consequences  which  follow  from  the  specific  behaviour  of  displaced  pigeons. 

Compass  Orientation  versus  goal  orientation 

When  dealing  with  pigeon  homing  we  are  dealing  with  goal  orientation.  However,  not 
each  oriented  behaviour  of  displaced  pigeons  is  necessarily  goal-oriented. 


Figure  1.  Vanishing  bearings  of 
first-flight  pigeons  from  a  loft  at  See¬ 
wiesen  near  Munich.  Filled  Symbols 
refer  to  birds  whose  olfactory  nerves 
were  bisected  several  weeks  or  days 
before  release,  open  Symbols  to  un- 
treated  or  sham-operated  Controls. 
A:  releases  92  km  (squares)  and  199 
km  (circles)  west  of  home;  B:  two 
releases  (different  Symbols)  112  km 
east  of  home;  C:  data  of  A  and  B 
pooled  with  north  upward;  D:  the 
same  with  home  upward.  Respective 
mean  vectors  are  indicated  as  arrows, 
radius  of  circles  corresponding  to 
maximum  possible  length. 


The  problem  may  be  illustrated  by  an  example.  Fig.  1  B  shows  initial  bearings  of 
inexperienced  pigeons  about  100  km  east  of  their  loft.  In  one  of  two  groups  of  birds  (black 
Symbols)  the  olfactory  nerves  were  bisected  (cf.  Papi  1976).  From  the  diagram  one  might 
conclude  that  olfactory  nerve  cutting  has  no  or  little  effect  on  homeward  orientation. 
Although  scatter  is  slightly  increased  in  the  experimental  animals,  it  is,  according  to  the  V 
test  (Batschelet  1972),  highly  significant  and  beyond  any  doubt  that  the  operated  birds 
preferred  the  direction  towards  home. 

When  the  pigeons  were  displaced  westward,  however,  both  groups  pointed,  on  average, 
away  from  home  (Fig.  lA).  Only  the  scatter  was  increased,  especially  in  the  Controls. 
Pooling  of  the  two  diagrams  demonstrates  obviously  oriented  behaviour  if  north  remains 
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upward  (Fig.  IC),  but  more  or  less  disorientation  if  the  bearings  are  arranged  with  the 
respective  homeward  direcdon  pointing  upward  (Fig.  ID). 

We  certainly  can  conclude  from  these  data  that  pigeons  deprived  of  olfaction  are  clearly 
oriented.  However,  I  think  we  can  conclude  nothing  about  the  effect  of  olfaction  on 
homeward  Orientation  or  goal  orientation.  Even  the  Controls  are  so  weakly  oriented 
homeward  that  demonstration  of  a  possible  difference  would  need  many  more  data. 

It  appears  to  me  that  this  conclusion  is  not  a  matter  of  course  for  everybody,  especially 
not  for  ,,pigeon  people”  who  are  accustomed  to  the  fact  that  the  vanishing  bearings  of 
pigeons  usually  deviate  somewhat  from  the  direcdon  towards  home.  In  most  cases,  the 
deviations  are  less  than  90°,  but  sometimes  they  can  approach  up  to  180°.  In  formet  times 
we  thought  that  these  ,,release-site  biases”  commonly  reflect  distortions  or  rotations  of  the 
so-called  map  of  the  pigeons,  and  this  view  still  seems  ahve  (cf.  Kramer  1959,  Wallraff 
1959,  Keeton  1974,  1979).  On  this  basis  one  may  interpret  any  direcdon  a  pigeon  chooses 
as  its  subjective  homeward  direcdon.  This  would  imply  that,  per  definition,  all  orientation 
a  displaced  pigeon  performs  is  goal  orientation.  Such  an  hypothesis,  however,  would 
corrupt  all  the  terms  and  definitions  we  normally  use  m  this  Feld.  If  Fig.  1 A  demonstrates 
goal  orientation,  then  Perdeck’s  (1958)  juvenile  Starlings  that  were  displaced  from  their 
normal  migration  route  and  continued  their  course  afterward,  were  also  goal-oriented. 

I  prefer  to  stay  on  safe  ground  by  speaking  of  goal  orientation  only  in  such  cases  in 
which  a  geometric  relationship  to  the  goal  can  be  proven,  since  the  goal  is  the  only  pomt  of 
reference  we  have  without  making  specific  hypotheses.  Goal-oriented  behaviour, 
however,  can  never  be  proven  by  releases  at  only  one  site. 

It  is  a  methodological  consequence  of  these  considerations  that  one  always  should  do 
what  has  been  done  in  the  above  example  (Fig.  1);  the  same  kind  of  releases  should  be 
conducted  at  several  sites  symmetrically  distributed  around  the  loft,  at  least  at  two 
opposing  sites.  Only  the  pooled  data  can  then  reveal  the  degree  of  homeward  orientation, 
and  the  V  test  can  be  used  appropriately  only  for  the  combined  data. 

(Such  pooling  also  has  to  be  done  with  some  care  in  case  unequal  numbers  per  release 
site  are  involved.  Fig.  1  demontrates  how  it  normally  should  not  be  done.  There  are  only 
20  blacks  dots  in  A,  but  27  in  B.  Thus,  in  a  simple  summation  the  eastern  data  are 
overrepresented  as  against  the  western  data,  and  so  homeward  as  well  as  westward 
orientation  appears  stronger  than  it  should  be.  See  Wallraff  1979,  Appendix  B.) 

The  example  shown  in  Fig.  1  is  rather  extreme,  but  it  coincides  with  the  general  pattem 
of  directions  that  has  been  observed  in  inexperienced  pigeons  from  this  loft.  Those  pigeons 
commonly  prefer  westerly  or  southwesterly  directions,  and  their  initial  bearings  are 
usually  accumulated  between  this  direcdon  and  the  direcdon  towards  home.  A  preferred 
compass  direcdon  (PCD)  like  this  has  been  found  at  each  of  the  eleven  home  sites  that  have 
been  investigated  systematically  (Wallraff  1978).  The  particular  direcdon  itself  is  a 
loft-specific  constant,  and  it  depends  mainly  on  the  angular  relation  between  the  respective 
PCD  and  the  homeward  direcdon  whether  the  so-called  release-site  bias  is  to  the  left  or  to 
the  right  of  home. 

PCDs  in  pigeons  are  similar  and  perhaps  identical  with  a  phenomenon  that  is  known 
from  wild  birds  and  that  Matthews  called  ,,nonsense  orientation”  (Griffin  & 
Goldsmith  1955,  Bellrose  1958,  Matthews  1961,  1963).  Although  I  accept 
Matthews’  (1961)  warning  not  to  interpret  everything  a  displaced  pigeon  does  as  goal 
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Orientation,  I  am  not  willing  to  adopt  his  term  ,,nonsense  orientation”.  I  prefer  to  describe 
the  birds’  behaviour  operationally  and  speak  simply  of  preferred  compass  directions. 
Further,  as  I  assume  that  the  PCDs  are  necessary  outcomes  of  the  bird’s  homing  strategy, 
I  am  trying  to  make  sense  of  them. 

Null-axis  hypothesis  and  recent  data 

In  an  earlier  study  (Wallraff  1974)  I  have  discussed  in  detail  how  birds  might  evaluate 
position-dependent  coordinates  in  Order  to  reach  their  home  from  a  distant  site.  The 
,, null-axis  hypothesis”  resulting  from  these  considerations  was  m  good  agreement  with  the 
empirical  data  that  existed  at  that  time.  However,  in  Order  to  test  the  hypothesis  further 
and,  possibly,  to  recognize  not  only  main  principles,  but  also  concrete  components  of  the 
System,  it  appeared  necessary  to  broaden  the  empirical  basis.  For  this  purpose  a  new  loft 
was  established  at  Würzburg  so  that  all  the  predictions  that  had  been  made  are  to  be  tested 
now  in  a  virgin  area.  The  long-term  experimental  program  is  still  going  on,  but  some 
principal  trends  can  be  outlined.  Fig.  2  may  illustrate  the  hypothesis  as  well  as  its 
coincidence  with  the  initial  bearings  of  inexperienced  pigeons  of  the  Würzburg  loft. 


Figure  2.  Mean  vanishing 
bearings  of  first-flight  pigeons 
settled  at  Würzburg.  The  field 
shown  has  a  radius  of  200  km 
with  the  loft  in  its  centre  and 
with  north  pointing  upward. 
Fach  arrow  represents  the 
mean  vector  calculated  from 
27  bearings  (3  releases,  3 
years)  at  distances  ca.  30  and 
60  km,  and  from  18  bearings 
(2  releases,  2  years)  at  distan¬ 
ces  ca.  120  and  180  km.  Small 
circles  correspond  to  vector 
length  ä  =  0.1.  Further  expla- 
nation  in  the  text. 


The  hypothesis  is  based  on  the  assumption  that  a  homing  bird  makes  use  of  at  least  two 
Coordinates  or  gradient  Felds,  whatever  they  physically  may  be.  The  bird  may  be  able  to 
Store  the  respective  values,  Xq  and  yo,  measured  at  home.  The  two  values  shall  exist 
along  two  lines  running  through  home  and  intersecting  at  an  angle  that  must  not  be  too 
small.  Displaced  to  a  distant  site,  the  bird  may  try  to  measure  the  differences  Ax  =  Xp  -  Xq 
and  Ay  =  yp  -  yo,  where  Xp  and  yp  represent  the  respective  values  at  the  particular  site.  If 
the  bird  is  able  to  determine  at  least  the  sign  of,  for  example,  Ay,  and  if  he  knows  the 
direction  of  the  y  gradient  (grad  y),  he  may  produce  a  movement  tendency  that  is  directed 
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toward  the  line  yo.  Let  us  assume,  however,  that  he  is  unable  to  recognize  the  sign  of  Ax 
within  a  broad  zone  at  both  sides  of  the  line  Xq  (limited  by  the  „threshold  imes  Txi  and 
Txi).  Then  the  bird  does  not  know  whether  he  has  to  fly  the  x  gradient  (grad  x)  upward  or 
downward.  Nevertheless,  it  may  be  a  useful  strategy  to  produce  a  movement  tendency  that 
is  oriented  to  either  of  the  two  directions.  If  the  bird  follows  both  of  his  tendencies,  his 
actual  flight  path  may  lead  him  in  a  direction  somewhere  between  those  two  components. 
By  this  way  he  will  approach  the  zero  line  or  null-axis  y«.  However,  he  will  not  approach 
it  perpendicularly,  but  in  an  acute  angle  because  of  the  influence  of  the  x  component  which 
is  oriented  more  or  less  along  this  line.  After  arrival  at  his  axis  the  bird  will  follow  it  until 
he  either  reaches  his  home  or  the  threshold  line  Txi  at  which  he  realizes  that  he  is  on  the 
wrong  side  and  reverses  his  direction,  followmg  now  the  null-axis  ,, backward  . 

For  possible  modifications  and  complications  of  this  scheme  see  Wallraff  (1974).  In  its 
simple  form,  the  scheme  has  been  applied  to  the  Würzburg  results  as  they  exist  so  far.  The 
black  arrows  in  Fig.  2  represent  real  data,  while  all  other  lines  are  theoretical.  They  are 
optimally  adapted  to  the  results  in  the  following  ways:  (1)  grad  x,  polarized  toward  NNW, 
is  the  PCD  that  results  as  an  overall  mean  of  the  bearings  at  the  16  release  sites;  Xo  is 
perpendicular  to  this  direction.  (2)  The  ,, null-axis”  yo  is  calculated  as  that  line  (out  of  all 
possible  straight  lines  running  through  home)  toward  which  the  overall  mean  component 
of  the  16  sites  is  maximal.  Fach  of  the  mean  vectors  (arrows)  is  split  then  into  two 
components  accordmg  to  the  two  gradients.  With  three  exceptions,  all  components  follow 
the  general  rule:  along  the  x  gradient  with  polarization  to  the  PCD,  and  along  the  y 
gradient  toward  yo.  One  of  the  exceptions  (60  km  south)  is  connected  with  a  vector 
length  near  zero  and  therefore  does  not  mean  very  much.  The  other  two  agree  with  the 
hypothesis:  They  are  at  the  farthest  distances  in  the  north  and  can  be  interpreted  as  being 
dose  to  or  beyond  the  threshold  line  Txi  at  which  the  birds  may  realize  that  they  have  to 
reverse  the  sign  of  their  x  component. 

If  all  the  many  variables  are  considered  that  may  influence  the  initial  bearings  of  pigeons, 
and  if  it  is  considered  that  neither  a  possible  System  of  coordinates  nor  the  way  m  which 
birds  make  use  of  it  is  necessarily  so  simple  as  described  here,  the  degree  of  coincidence 
between  data  and  hypothesis  appears  fairly  good. 

Conclusion 

Coming  back  to  the  problem  of  compass  Orientation  and  goal  Orientation,  we  have  to 
distinguish  two  points  of  view:  On  the  one  hand,  we  have  to  handle  the  data  as  neutrally  as 
possible  without  any  specific  hypothesis  in  mind.  Then  we  have  to  speak  of  goal 
Orientation  in  a  purely  operational  sense,  i.e.,  in  such  cases  only  in  which  geometric 
relations  to  the  goal  can  be  distinguished  from  other  directional  preferences.  On  the  other 
hand,  it  is  rather  naive  to  expect  that  the  birds  always  should  be  able  to  determme  the 
direct  airline  route  towards  home  and  that  this  route  is  the  most  adequate  line  of  reference. 
Therefore  one  should  do  both,  at  first  ascertain  whether  goal  Orientation  does  exist,  for 
which  purpose  no  other  reference  is  available,  and  as  a  second  Step  one  may  ask  why  the 
birds  decide  for  those  directions  which  they  do  actually  choose. 

The  null-axis  hypothesis  is  able  to  explain  the  pattem  of  ,,release-site  biases”  wnthout 
claiming  physical  anomalies  either  at  the  home  site  or  at  the  sites  of  release.  (However, 
anomalies  may  contribute  to  the  deviations  from  a  regulär  pattem.)  Further,  it  is  able  to 
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integrate  the  PCDs  into  a  general  System  of  navigation.  It  is  a  consequence  of  this 
hypothesis  that  there  is,  in  a  merely  descriptive  sense,  some  degree  of  goal  Orientation,  but 
also  some  degree  of  compass  Orientation.  This  should  be  kept  in  mind  when  the  effects  of 
certain  treatments  are  investigated.  If  at  one  site,  or  at  several  sites  asymmetrically  located 
with  respect  to  the  loft,  the  treatment  does  not  appear  to  have  an  effect  an  the  pigeons’ 
bearings,  this  need  not  mean  that  their  homeward  Orientation  is  not  affected  by  this  kind  of 
experiment:  the  observable  Orientation  may  be  based  on  a  still  persisting  PCD.  On  the 
other  hand,  if  an  effect  of  the  treatment  is  obvious,  this  need  not  concern  the  degree  of 
homeward  Orientation,  but  might  be  due  to  a  change  (e.g. ;  a  reversal)  of  only  the  PCD  (cf. 
Wallrapf  1979).  These  aspects  have  to  be  considered  when  experiments  are  conducted, 
and  the  data  have  to  be  evaluated  in  a  way  that  permits  a  decision  between  the  different 
possibilities. 

As  with  many  other  effects  in  pigeon  homing,  it  is  difficult  to  estimate  the  importance  of 
the  PCDs  within  the  navigational  System.  However,  we  should  pay  attention  to  each  hint 
even  if  we  do  not  see,  at  the  moment,  obvious  Connections  to  other  effects.  It  is  a  Cardinal 
weakness  of  the  above  concept  that  nobody  knows  whether  coordinates  in  the  described 
sense  do  exist,  and  if  so,  what  their  physical  bases  might  be.  On  the  other  hand,  home 
flights  of  pigeons  take  place  in  peculiar  patterns  which  cannot  be  explained  as  yet  on  the 
basis  of  the  physical  cues  that  are  thought  to  be  involved  in  bird  navigation.  Thus,  both 
approaches  should  be  followed  independently:  the  analysis  of  the  role  of  certain 
environmental  cues  as  well  as  the  analysis  of  the  System  of  flight  movements.  Finally,  of 
course,  all  aspects  have  to  be  synthesized,  but  no  speculative  attempt  of  that  sort  shall  be 
made  here. 
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Oekologische  Ansätze  zur  Klassifikation  der  Adaptationen  des  Hörsystems 

W.  Iljitschew 

Experimentelle  Methoden  erbrachten  neues  Faktenmaterial,  dessen  Umfang  ständig 
wächst  und  darum  optimale  Strategien  für  weitere  Untersuchungen  erforderlich  macht. 

Das  Auffinden  von  Adaptationen  und  oekologischen  Korrelationen 

Die  Vielfalt  von  Adaptationen  erschwert  ihre  Klassifizierung.  Ein  bedeutender  Teil  von 
ihnen  ist  noch  unbekannt.  Es  ist  angebracht,  sich  auf  oekologische  Korrelationen  zu 
konzentrieren  -  Adaptationen,  die  auffällig  mit  konkreten  oekologischen  Faktoren 
korreliert  sind.  Sie  sind  besser  zugänglich  und  oft  bereits  gut  untersucht.  Das  Auffinden 
oekologischer  Korrelationen  basiert  auf  dem  Phänomen  der  oekologischen  Parallelismen 
(Abb.  1  A).  Wenn  man  eine  Reihe  aus  Vertretern  einer  systematischen  Gruppe  aufstellt, 
die  sich  durch  den  Grad  ihrer  oekologischen  Anpassung  an  ein  und  denselben  Faktor 
unterscheiden,  und  dabei  die  weniger  spezialisierten  an  die  Basis  und  die  höher  speziali¬ 
sierten  Arten  an  die  Spitze  stellt,  dann  prägt  sich  das  untersuchte  Merkmal  nach  oben  hin 
stärker  aus.  Stellt  man  eine  analoge  Reihe  in  einer  anderen  systematischen  Gruppe  auf,  die 
sich  an  den  gleichen  Umweltfaktor  angepaßt  hat,  kann  man  beobachten,  daß  sich  das 
untersuchte  Merkmal  ähnlich  -  parallel  -  verändert.  In  diesem  Fall  ist  es  möglich, 
festzustellen,  daß  das  Merkmal  mit  dem  gegebenen  oekologischen  Faktor  korreliert  ist. 

Autonomie  und  Systemcharakter  des  Entstehens  von  Adaptationen 

Oekologische  Korrelationen  treten  in  der  Mikro-  und  Makrostruktur  des  Ohrgefieders, 
des  Trommelfells,  der  Extracolumella,  des  Stapes  und  der  Muskulatur  des  Mittelohres,  der 
Basiliarmembran  und  der  Rezeptoren  der  Gochlea,  des  Hörnervs,  der  einzelnen  Hörneu¬ 
ronen  und  ihrer  Dendriten,  der  neuronalen  Komplexe  und  der  Hörkerne  auf.  Die 
autonome  Einheit  der  adaptiven  Veränderlichkeit  wird  durch  die  einzelnen  Abschnitte 
dargestellt  (Außen-,  Mittel-  und  Innenohr,  Hörkerne).  Als  funktioneller  Bestandteil  des 
Hörsystems  besitzt  jeder  Abschnitt  funktionelle  und  strukturelle  Autonomie.  Mit  Hilfe 
seiner  strukturellen  Möglichkeiten  löst  er  selbständig  funktionelle  Aufgaben.  Mit  den 
oekologischen  Faktoren  kommen  die  meisten  Abschnitte  nur  mittelbar  über  vorgeschaltete 
Abschnitte  in  Verbindung,  da  diese  das  oekologische  Signal  nur  transformiert  weiterleiten. 
Das  Signal  enthält  jedoch  eine  direkte  Information  über  die  Umwelt.  Da  die  Abschnitte  im 
Hörsystem  streng  auf  einanderfolgen,  besitzen  sie  eine  unterschiedliche  Stellung  gegenüber 
der  Umwelt  (Abb.  1  B).  Das  Außenohr  hat  direkten  Kontakt  mit  der  Umwelt,  das 
Mittelohr  besitzt  einen  und  das  Innenohr  zwei  vorgeschaltete  Abschnitte  usw.  Daher 
wirken  sich  die  oekologischen  Korrelationen  an  der  Peripherie  des  Hörsystems  stärker  aus 
(Prinzip  der  Lateralisierung).  Das  zeigt  sich  ebenfalls  in  der  alternativen  Spezialisierung 
benachbarter  Abschnitte.  So  besitzt  das  Außenohr  von  tauchenden  Vögeln  Anpassungen, 
die  das  Trommelfell  vor  Wasser  schützen,  aber  gleichzeitig  den  Schall  dämpfen.  Das 
Mittelohr  hingegen  hat  schallverstärkende  Anpassungen  (Abb  1  G). 

Severzow-Instimt  für  Evolutionsmorphologie  und  Oekologie  der  Tiere  an  der  Akademie  der  Wissenschaften  der 
UdSSR,  Moskau,  UdSSR. 


Richtung  d. Ökolog 


612 


SYMPOSIUM  ON  ECOLOGY  OF  HEARING 


C 

1/ 
t  z 

ü  a 

M  h 
0 

«  d 
< 


Abb.  1.  Grundphänomene  der  adaptiven 
Variabilität  des  Hörsystems. 

A-oekoIogische  Parallelismen  und  Auffin¬ 
den  der  Korrelationen  (schematisch  :  aufge¬ 
fundenes  Korrelat  -  quadratische  Form). 

B -Autonomie  und  Systemcharakter  des 
Auftretens  oekologischer  Korrelationen.  1, 
2,  3,  4:  Abschnitte  des  Hörsystems;  a:  aku¬ 
stisches  Signal  als  Umweltfaktor;  B:  mit  un¬ 
terbrochenen  Linien  sind  mögliche  Korrela¬ 
tionen  zwischen  einzelnen  Abschnitten  und 
Umweltfaktoren  angedeutet. 

C  -  Phänomene  der  Lateralisierung  (links) 
und  der  alternativen  Spezialisierung  (rechts), 
Korrelationen  an  Beispiel  der  oekomorpho- 
logischen  Reihen  ortender  (links)  und  tau¬ 
chender  (rechts)  Vögel.  Die  oekologische 
Spezialisierung  der  Arten  (a,  b,  c,  d)  wächst 
von  d  zu  a  hin.  1 :  Korrelationen,  die  das 
Gehör  schwächen;  2:  Korrelationen,  die  das 
Gehör  stärken. 

E  -  mosaikartiges  Auftreten  oekologischer 
Korrelationen  in  der  Evolution  des  Hör¬ 
systems  (a).  1:  Korrelationen,  die  mit  dem 
Wasserleben  verbunden  sind;  2:  Korrelatio¬ 
nen,  die  mit  dem  Auffinden  einer  akustisch 
aktiven  Beute  verbunden  sind;  3:  Korrelatio¬ 
nen  bilden  eine  Etage  höherer  Spezialisierung 
über  der  Linie  der  allgemeinen  Vervoll¬ 
kommnung  des  Hörsystems  (b). 
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Abb.  2.  Zusammenhang  der  oekologischen  Korrelationen  mit  Lebensweise  und  Umweltfaktoren. 
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Mosaikartiges  Auftreten  von  Adaptationen 

Die  adaptive  Veränderlichkeit  tritt  auf  verschiedenen  Niveaus  des  Hörsystems 
ungleichmäßig  auf.  In  Abhängigkeit  von  der  oekologischen  Spezialisierung  der  Art 
erstrecken  sich  die  oekologischen  Korrelationen  über  einen  oder  wenige  Abschnitte.  Diese 
Abschnitte  führen  damit  zur  oekologischen  Spezialisierung  des  Hörsystems  im  Ganzen.  In 
der  Evolution  führt  dies  zum  mosaikartigen  Auftreten  oekologischer  Korrelationen  (Abb. 
1  E).  Ähnliche  Korrelate  kann  man  auf  höheren  und  niedrigen  Niveaus  und  in  Seitenästen 
der  Evolution  finden.  Sie  treten  in  manchen  Etappen  auf,  verschwinden  in  anderen,  um 
später  wiederaufzutauchen.  Die  Natur  hat  ein  beschränktes  Reservoir  von  Möglichkeiten, 
und  falls  oekologische  Aufgaben  es  erfordern,  bilden  sich  in  verschiedenen  Gruppen 
ähnliche  Merkmale  heraus.  Es  werden  fertige  Standardlösungen  angewandt.  So  entstehen 
parallele  Korrelationen. 

Oekologische  Parallelismen  -  Grundlage  einer  Klassifikation 

Eine  Klassifikation  der  Adaptationen  steuert  die  Untersuchungen  der  adaptiven 
Variabilität,  lenkt  sie  in  eine  bestimmte  Richtung.  Die  Klassifikation  muß  von  oekologi¬ 
schen  Faktoren  ausgehen,  da  das  Auftreten  von  Adaptationen  von  der  Umwelt  deter¬ 
miniert  wird.  Eine  prinzipielle  Möglichkeit  zur  Klassifizierung  gibt  das  Phänomen  der 
oekologischen  Parallelismen.  Wenn  wir  oekologische  Korrelationen  benutzen,  engen  wir 
den  Kreis  der  zu  klassifizierenden  Objekte  und  damit  auch  die  oekologischen  Faktoren 
ein.  Das  erleichtert  die  Aufgabe  wesentlich.  Wir  haben  versucht,  Korrelationen  und  mit 
ihnen  gekoppelte  oekologische  Faktoren  in  einem  einheitlichen  Schema  darzustellen  (Abb. 
2).  In  einigen  Fällen  sind  die  Verbindungen  einfach  (eine  Korrelation  -  ein  Faktor),  in 
anderen  Fällen  kompliziert  (eine  Korrelation  -  mehrere  Faktoren;  mehrere  Korrelationen 
-  ein  Faktor).  Zwischen  den  oekologischen  Faktoren  besteht  eine  Rangordnung,  was  sich 
im  Auftreten  der  Korrelationen  widerspiegelt. 

Die  bereits  dargelegten  Schwierigkeiten  bei  der  Klassifizierung  der  Adaptationen 
gestatten  bisher  nur,  ein  Arbeitsschema  aufzustellen,  das  weiter  ergänzt  und  verbessert 
werden  muß.  Unsere  Vorstellungen  darüber  haben  wir  veröffentlicht  (Iljitschew,  1974). 
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Frequency  Selectivity  in  Parakeet  Flearing:  Behavioral  and  Physiological 

Evidence 

James  C.  Saunders 
Introduction 

The  problem  of  Signal  resolution  in  avian  Hearing  is  an  important  one,  particularly 
because  of  the  varied  and  complex  vocalizations  produced  by  many  species.  The  question 
of  whether  or  not  a  bird  can  process  all  the  acoustic  Information  contained  m  its  song  is 
one  which  has  not  really  been  answered  and  depends  in  part  on  an  understanding  of  the 
frequency  resolving  power  of  the  avian  ear.  One  way  of  determmg  frequency  resolution  is 
by  studying  tuning  curves  and  the  present  report  describes  tunmg  curves  m  the  Parakeet 
measured  at  both  the  behavioral  and  physiological  level  of  analysis. 

Experiment  1:  psychophysical  tuning  curves 

M  ethods 

Eight  Parakeets  (Melopsittacus  undulatus)  served  as  subjects.  They  were  trained  with 
avoidance  conditioning  to  respond  (by  biting  a  metal  rod  located  in  front  of  their  beak) 
whenever  they  heard  a  tone  Stimulus.  The  procedures  of  trammg  have  been  detailed 
elsewhere  (Dooling  &  Saunders,  1975).  When  avoidance  learning  was  well  established  a 
modified  method  of  limits  was  introduced  (Saunders,  1976)  and  this  was  used  to  measure 
absolute  thresholds  in  the  quiet.  After  the  audibility  curve  was  estimated  a  pure-tone 
masking  procedure  was  introduced.  Two  Stimuli  were  used:  a  masker,  which  occurred 
continuously  in  the  test  environment  and  a  probe  tone  to  which  the  birds  had  to  respond. 
All  testing  took  place  within  a  sound  attenuated  room  and  the  sound  pressure  level  (SPL) 
of  the  tones  were  calibrated  in  dB  re  20/.<N/m^.  Nine  probe-tone  frequencies  adjusted  to  a 
10  dB  Sensation  level  were  employed.  The  masker  tone  was  set  at  a  very  low  intensity  (-20 
dB  SPL)  and  as  the  bird  responded  correctly  to  successive  probe  trials,  the  masker  SPL  was 
systematically  increased.  The  psychophysical  tuning  curve  (PTC)  represented  the  masker 
SPL,  at  various  test  frequencies,  that  disrupted  the  behavioral  detection  of  the  probe  tone 
(Saunders  et  ab,  1978c).  An  additional  procedure  was  introduced  in  which  a  narrow-band 
noise  (45  Hz  wide)  was  substituted  for  the  probe  tone.  Two  such  narrow  bands,  centered 
at  1.6  and  3.5  kHz,  were  used  and  this  Stimulus  was  also  set  to  a  10  dB  Sensation  level. 
Tuning  curves  were  obtained  for  both  these  probe  signals. 

Results 

Figure  1  illustrates  the  absolute  thresholds  measured  in  the  quiet  for  the  Parakeet,  as  well 
as  the  PTCs  for  nine  probe-tone  frequencies  between  .315  and  6.0  kHz.  The  characteristic 
tuning  of  these  curves,  as  indicated  by  the  sharpness  of  their  “V”  shape,  generally 
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mcreased  as  higher  frequency  probe  tones  were  examined.  The  PTCs  obtained  at  1.6  and 
3.5  kHz  using  the  narrow-band  probe  signals  appear  in  Figure  2.  These  curves  also  indicate 
that  the  higher  frequency  PTC  (3.5  kHz)  is  more  sharply  tuned  than  the  lower  frequency 
tuning  curve.  The  masking  function  for  both  these  PTCs  was  examined  in  the  low 
frequencies  and  both  show  the  long  tail  characteristic  of  mammalian  tuning  curves. 
Interestingly,  the  trough  of  the  tuning  curves  in  Figures  1  and  2  seem  to  be:  a)  somewhat 
deeper  than  that  seen  in  mammalian  tuning  curves,  and  b)  symmetrical  in  their  rate  of 
roll-off  on  the  high  and  low  frequency  side. 


Figure  1.  Nine  PTC  plotted  as 
dB  relative  to  SPL.  The  absolute 
threshold  in  the  quiet  is  also 
known.  The  largest  Standard 
error  over  all  the  PTC  masker 
frequencies  was  ±  6  dB. 


Figure  2.  Two  PTC  using  a  narrow-band  noise 
probe  Signal.  Both  curves  have  been  normalized 
by  plotting  the  masked  thresholds  as  dB  relative 
to  the  CF  threshold. 


Experiment  2:  evoked  response  tuning  curves 

M  eth  ods 

Five  adult  Parakeets  served  as  subjects.  Each  was  anesthetized  with  Urethane  (.05  cc  of  a 
20%  Solution)  and  was  mounted  in  a  specially  designed  head  holder.  The  cerebellum  was 
exposed  and  a  bipolar  electrode  was  lowered  into  the  region  of  the  cochlear  nuclei  (CN). 

A  simultaneous  masking  procedure  similar  to  that  used  in  Experiment  1  was  employed 
in  this  study.  However,  the  dependent  variable  was  the  masker  SPL  required  to  abolish  the 
probe-tone  evoked  response.  The  probe  tone  consisted  of  a  40  msec  tone  burst  (5  msec 
rise/decay  time)  presented  at  a  rate  of  10  per  second.  The  evoked  activity  at  the  electrode 
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was  amplified  and  Signal  averaged  over  128  samples.  After  the  electrode  was  placed  in  the 
CN  the  evoked  response  visual  detection  level  (VDL)  threshold  was  determined  at  each  of 
six  probe-tone  frequencies.  The  probe  tone  was  then  set  to  a  level  15  dB  above  the 
threshold  and  continuous  masking  tones  were  introduced  at  various  frequencies.  The  SPL 
of  the  masker  that  eliminated  the  probe  tone  evoked  response  was  noted.  This  procedure  is 
similar  in  part  to  that  descnbed  by  Cheatham  &  Dallos  (1975). 


Results 

The  masking  curves  for  six  probe-tone  frequencies  averaged  over  the  five  animals  appear 
in  Figure  3.  The  data  in  these  tuning  curves  have  been  normalized  by  setting  the  center 
frequency  (CF)  to  zero  dB  and  plotting  all  other  masked  thresholds  relative  to  this  point. 
The  sharpness  of  the  curves  clearly  increased  as  higher  frequency  probe  tones  were  tested. 
Moreover,  within  30  to  40  dB  of  the  CF  the  high  and  low  frequency  slopes  of  the  tuning 
curves  appear  very  symmetrical. 


Figure  3.  Cochlear  nuclei  evo¬ 
ked  response  tuning  curves  avera¬ 
ged  in  5  birds  for  5  probe  tone 
frequencies.  The  curves  are 
normalized  and  plotted  as  dB  re¬ 
lative  to  the  CF  threshold. 


One  way  of  assessing  the  frequency  selectivity  of  tuning  curves  is  to  calculate  a  “Q” 
ratio  (Saunders  et  ah,  1978c).  Briefly,  “Q”  represents  the  ratio  of  the  CF  of  a  tuning  curve 
and  the  bandwidth  of  the  curve  10  dB  above  the  CF.  When  the  value  of  “Q”  is  small  it 
denotes  broad  tuning;  when  “Q”  is  large  it  indicates  sharp  tuning.  Since  “Q”  is  a  ratio,  the 
relative  frequency  selectivity  of  tuning  curves  with  varying  CFs  can  be  directly  compared 
within  a  subject,  among  subjects,  and  even  between  experiments  if  the  10  dB  point  is  used 

to  calculate  bandwidth. 

The  “Q”  values  for  the  tuning  curves  in  Figures  1,  2  and  3  are  presented  in  Figure  4.  The 
“Q”  of  the  critical  band  is  also  included  (Saunders  et  ah,  1978b).  As  can  be  seen 
frequency  selectivity  is  poor  (broadly  tuned)  from  0.4  to  1.6  khiz,  becomes  better  (more 
sharply  tuned)  above  2.5  kHz,  reaches  a  peak  at  3.5  kHz,  and  then  deteriorates  rapidly 
(again  becomes  more  broadly  tuned)  above  4.0  kHz. 
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Discussion 

In  the  first  experiment  narrow  bands  of  noise  were  substituted  for  pure  tones  as  the 
probe  Signal.  The  narrow  bands  of  noise  have  proven  effective  in  other  studies  in 
eliminating  the  occurrence  of  acoustic  beats  when  probe  tone  and  masker  have  nearly 
identical  frequencies  (Saunders  et  ah,  1978a).  The  present  results,  however,  indicate  that 
the  shape  of  the  tuning  curves  were  nearly  identical  with  both  procedures  and  this  suggests 
that  the  occurrence  of  acoustic  beats  may  be  less  of  a  problem  in  masking  experiments  with 
birds  than  with  mammals  (Saunders  &  Else,  1976;  Saunders,  1976;  Saunders  et  ah, 
1978c).  The  nine  PTCs  in  Figure  1  were  obtained  at  a  probe-tone  Sensation  level  of  10  dB. 
The  average  threshold  shift  at  the  CF  over  all  nine  PTCs  was  9.5  dB.  Thus,  at  the  CF,  the 
probe  tone  was  most  effectively  masked  by  a  second  tone  of  similar  frequency  and 
intensity.  In  all  of  the  tuning  curves  illustrated  in  Figures  1  and  2  the  rate  of  high  and  low 
frequency  roll-off  was  nearly  identical.  This  sort  of  observation  is  frequently  made  for  low 
frequency  tuning  curves  in  mammals;  however,  at  high  frequencies  mammalian  tuning 
curves  become  asymmetrical,  with  the  high  frequency  portion  of  the  trough  showing  a 
greater  roll-off  rate  than  the  low  frequency  portion  (Saunders  et  ah,  1978d). 

Figure  4.  The  Q  ratio  from  va- 
rious  tuning  curves  and  the  criti- 
cal  band  is  plotted  as  a  function  of 
the  CF.  The  parameter  of  the 
figure  is  data  from  four  experi¬ 
ments.  It  is  interesting  that  the 
shape  of  the  “Q”  CB  curve  is 
nearly  identical  to  that  observed 
with  the  “Q”  of  the  tuning 
curves.  This  suggests  that  the  cri- 
tical  band  is  determined  by  the 
Same  frequency  selective  mecha- 
nisms  that  shape  the  tuning 
curves.  It  is  purely  coincidental, 
however,  that  the  “Q”  values 
of  to  CB  are  similar  to  the 
0.3  0.5  1.0  3.0  5.0  Qiodß’  values  of  the  tuning 
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The  shape  of  the  evoked  response  tuning  curves  is  remarkably  similar  to  that  of  the  PTC 
of  Figure  1  and  2.  Indeed,  the  values  of  “Q”  as  shown  in  Figure  4  are  virtually  the  same. 
While  these  data  need  to  be  expanded  further,  particularly  the  evoked  response  tuning 
curves  into  the  high  frequencies,  they  offer  some  intriguing  possibilities.  Correlations 
between  evoked  response  and  psychophysical  tuning  curves  may  be  more  valuable  than 
those  between  single  fiber  and  behavioral  tuning  curves,  because  the  formet  pair  both 
represent  the  activity  of  populations  of  neurons.  Indeed,  the  present  data  are  so  strikingly 
similar  as  to  suggest  that  the  frequency  selectivity  observed  in  the  PTC  originates  within  or 
more  peripheral  to  the  CN. 

Finally,  the  results  of  four  experiments  when  plotted  as  relative  frequency  selectivity 
(“Q”)  exhibit  remarkable  similarity  (Figure  4).  Frequency  selectivity  in  the  Parakeet  is  best 
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between  2.0  and  4.0  kHz.  This  frequency  region  also  contains  die  most  sensitive 
thresholds  measured  in  the  quiet,  the  smallest  frequency  difference  thresholds,  smallest 
critical  ratios,  and  is  the  region  of  dominant  frequency  energy  in  Parakeet  vocalizations 
(Dooling  &  Saunders,  1975). 
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Morphology  of  the  Bony  Stapes  (Columella)  in  Birds: 
Evolutionary  Implications 

Alan  Feduccia 
Introduction 

Because  of  the  morphological  uniformity  of  birds  their  phylogenetic  relationships  are 
poorly  known.  And  despite  more  than  a  Century  of  comparative  morphological  studies 
there  are  few  characters  that  have  enabled  students  of  avian  evolution  to  relate  the  various 
Orders.  Therefore  discoveries  of  new  characters  for  which  primitive-derived  sequences  can 
be  demonstrated  (Hennig,  1966;  Cracraft,  1972)  may  be  of  great  important  in  resolving 
avian  relationships. 

The  stapes  is  one  of  the  last  remaining  elements  of  the  avian  skeleton  to  be  examined,  no 
doubt  because  of  its  minute  size  (one  to  several  mm)  and  its  remote  location  in  the  recesses 
of  the  middle  ear.  In  addition,  it  is  often  lost  in  skeletal  preparations.  Nearly  all  cladistic 
studies  of  birds  have  suffered  from  one  major  drawback:  the  inability  to  establish 
unequivocally  the  primitive  nature  of  the  character  or  characters  involved.  The  stapes 
provides  an  exceptional  and  perhaps  unique  opportunity  for  phylogenetic  analysis  in  that: 
(1)  the  primitive  condition  occurs  in  most  birds;  (2)  the  primitive  nature  of  the  element  can 
be  established  beyond  reasonable  doubt  as  that  found  in  the  reptilian  ancestors  of  birds. 
The  primitive  condition  of  the  stapes  is  a  simple  structure,  consisting  of  a  flat  footplate  that 
fits  into  the  oval  window  of  the  inner  ear;  its  straight  bony  shaft  connects  via  an 
extracolumellar  and  its  ligaments  to  the  tympanic  membrane. 

Two  assumptions  are  made  in  this  analysis.  I  assume  that  the  primitive  condition  of  the 
avian  stapes,  which  is  found  in  the  vast  majority  of  birds,  is  homologous  with  the  same 
element  in  reptiles,  and  represents  a  retained  primitive  condition.  Second,  I  assume  that 
structurally  similar,  derived  morphologies  of  the  stapes  indicate  evolutionary  relation¬ 
ships,  unless  there  are  compelling  reasons  to  assume  convergence. 

Occurrence  of  the  primitive  condition 

Only  the  primitive  condition  occurs  in  the  vast  majority  of  birds.  Slightly  derived 
morphologies  of  the  stapes  occur  in  certain  Procellariiformes,  Pelecaniformes, 
Ciconiiformes,  and  Falconiformes.  All  of  the  ratites,  the  gaviiforms,  and  podicipediforms, 
most  ciconiiforms  (except  storks),  all  anseriforms,  most  falconiforms  (except  some  eagles), 
all  galliforms,  all  gruiforms,  all  charadriiforms,  all  columbiforms,  all  psittaciforms,  and  all 
musophagiforms  possess  the  primitive  condition.  Slightly  derived  morphologies  are  found 
in  certain  groups  but  carry  no  phylogenetic  information  and  will  not  be  discussed  here. 
This  paper  focuses  on  the  morphology  of  the  bony  stapes  in  only  these  groups  in  which  it 
is  of  importance  in  resolving  phylogenetic  relationships. 

Ciconiiformes  and  Pelecaniformes 

The  Ciconiiformes  has  been  considered  by  many  to  represent  a  heterogeneous 
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assemblage,  with  the  ibises  and  herons  not  showing  any  dose  resemblance  to  other 
members  of  the  group.  The  herons  (Ardeidae,  including  the  boatbill,  Cochlearius),  the 
ibises  (Threskiornithidae)  and  Scopus  (Scopidae)  exhibit  the  primitive  condition  of  the 
stapes;  the  element  is  therefore  of  little  use  in  understanding  the  phylogenetic  relationships 
of  these  groups.  However,  all  of  the  storks  and  the  shoebill  or  whalebill  (Balaeniceps)  have 
a  similar  derived  stapedial  morphology  (Feduccia,  1977b).  The  stork  stapes  is  characteriz- 
ed  as  a  broadly  tubulär  structure  that  enlarges  shghtly  at  the  footplate  region,  and  exhibits 
numerous  fenestrae  along  the  entire  surface,  often  with  one  or  several  larger  openings  at 
the  base  near  the  footplate.  The  similanty  of  the  stapes  m  storks  and  the  whalebill  argues 
strongly  that  the  storks  as  presently  defined  are  monophyletic  and  that  Balaeniceps  fits  in 
with  the  group.  Pelecaniform  birds  have  a  variety  of  stapedial  morphologies  (Feduccia,  in 
prep);  however,  two  basic  types  may  be  distinguished.  The  primitive  pelecaniforms 
(Phaethon)  share  a  similar  stapedial  morphology  with  the  storks,  but  most  pelecaniforms 
have  a  morphology  that  is  more  highly  derived,  producing  a  very  elongate  tubulär 
structure  that  is  often  curved  along  its  length.  Thus,  a  pelecaniform-stork  relationship 
cannot  be  negated  by  the  stapedial  evidence. 

Strigiformes 

The  owls  are  placed  typically  in  a  single  Order  that  is  divided  into  two  distinctive 
families,  the  true  owls  (Strigidae)  and  the  barn  owls  (Tytonidae).  Furth  er  subdivisions  split 
the  Strigidae  into  two  sub-families,  the  Buboninae  and  Striginae;  the  Tytonidae  into  the 
Tytoninae  and  Pholininae.  The  last  taxon  has  been  the  source  of  much  controversy  for 
many  years,  with  some  authors  placing  the  bay  owls  (Phodilus)  with  the  strigids  rather 
than  the  tytonids.  Phodilus  and  Tyto  have  a  nearly  identical  derived  morphology  of  the 
stapes  (Feduccia,  1978).  A  somewhat  similar  derived  condition  is  found  withinStnix.  The 
derived  stapes  of  Phodilus  and  Tyto  differs  from  that  in  Strix  not  only  in  the  degree  to 
which  the  footplate  protrudes  into  the  oval  window,  but  also  in  the  means  of  its 
attachment  to  the  shaft.  In  Tyto  and  Phodilus  the  shaft  broadens  at  the  base  to  meet  the 
footplate  at  its  periphery,  making  the  shape  similar  to  that  of  an  inverted  ice  cream  cone.  In 
contrast,  the  shaft  of  Strix  attaches  nearer  the  center  of  the  footplate,  causing  the  stapes  to 
appear  umbrella-shaped.  In  addition,  the  three  species  of  Strix  examined  (nebulosa, 
occidentalis,  and  varia)  vary  considerably  in  the  degree  of  protrusion  of  the  footplate  into 
the  oval  window,  from  almost  none  in  S.  nebulosa  to  a  very  marked  protrusion  in  S.  varia. 
Thus,  the  modified  morphology  of  the  stapes  in  Strix  appears  to  have  evolved  independ- 
ently  of  that  of  Tyto  particularly  since  none  of  the  other  genera  of  Strigidae  possess  such  a 
derived  character. 


Coraciiformes 

The  Order  Coraciiformes  as  delimited  by  Wetmore  (1960)  is  one  of  the  most 
heterogeneous  of  the  avian  Orders,  yet  most  classifications  since  the  time  of  Linnaeus 
(1758-59)  have  agreed  upon  the  general  relationship  of  the  families  which  he  included 
within  the  Order.  On  the  other  hand,  the  naturalness  of  the  Order  may  be  open  to 
considerable  question.  Are  the  families  included  within  the  Order  actually  related,  or  do 
they  represent  a  variety  of  passerine  related  families  of  primitive  Stocks,  or  moderately 
diverse  and  bizarre  forms?  As  W.  Sclater  (1924)  noted,  “. .  .The  Coraciiformes  have  for 
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many  years  been  loaded  with  a  heterogeneous  collection  of  forms  which  custom  has 
blindly  accepted.”  Lowe’s  (1946)  analysis  of  Upupa  which  indicated  that  in  some 
characters  it  was  typically  coraciiform,  in  others  typically  passerine  or  picine,  probably 
summarizes  the  characters  of  coraciiform  birds  in  general. 

Upupidae  and  Phoeniculidae 

Although  the  relationships  of  all  the  coraciiform  families  is  still  a  completely  open 
question,  one  intriguing  question  concerns  the  supposed  affinity  of  the  hoopoes 
(Upupidae)  and  the  wood-hoopoes  (Phoeniculidae).  The  complex  and  interesting  history 
of  the  vicissitudes  of  the  classification  of  these  birds  is  completely  covered  in  Sibley  & 
Ahlquist  (1972).  Linnaeus  (op.  cit.)  placed  all  of  the  coraciiform  families  (sensu 
Wetmore,  op.  cit.)  in  an  Order  Picae,  and  Upupa  was  placed  next  to  Certhia.  Since  that 
time  there  have  been  suggestions  of  relationship  of  the  hoopoes  to  coraciiform  families, 
especially  the  hornbills  (Bucerotidae),  and  also  to  the  sunbirds,  starlings,  crows,  and  the 
birds-of-paradise.  The  possible  relationship  of  the  hoopoes  to  the  wood-hoopoes  has  also 
been  open  to  considerable  question.  Sibley  and  Ahlquist  (op.  cit.:  230)  concluded  from 
their  egg  white  protein  data  that,  “...we  cannot  Support  or  deny  a  dose  relationship 
between  Upupa  and  the  Phoeniculidae.”  Both  families  are  characterized  by  the  common 
possession  of  a  derived  morphology  of  the  bony  stapes  which  is  found  in  no  other  avian 
species  (Feduccia,  1975a).  This  type  of  stapes  is  characterized  by  a  flat  bony  footplate, 
but  with  a  short  but  wide  shaft  that  bifurcates  into  two  processes.  There  is  a  long,  laterally 
directed  thin  process,  and  a  shorter,  broad  process,  both  of  which  connect  to  the  tympanic 
membrane  via  extracolumellar  ligaments,  and  no  doubt  function  in  a  complex  lever  System. 

The  possession  of  this  bizarre  type  of  stapes  in  both  the  Upupidae  and  Phoeniculidae  is 
interpreted  as  a  strong  indication  of  monophyly  of  the  two  families. 

Trogonidae,  Alcedinidae,  Todidae,  Meropidae,  and  Momotidae 

All  of  the  species  of  trogons  examined  exhibit  a  derived  morphology  of  the  stapes 
indistinguishable  from  the  same  element  in  the  coraciiform  families  Alcedinidae,  Todidae, 
Meropidae,  and  Momotidae  (Feduccia,  1975b,  1977a).  The  bee-eater,  kingfisher,  motmot 
and  tody  assemblage  would  thus  appear  to  represent  a  monophyletic  assemblage  and 
trogons  are  no  doubt  derived  from  the  group;  for  convenience  they  may  all  be  placed  in  a 
separate  Order,  the  Alcediniformes. 

The  stapes  differs  in  only  one  major  respect  from  the  type  found  in  “suboscine” 
passerine  birds  (see  suboscine  section).  This  stapes  differs  from  the  primitive  condition  in 
having  a  large,  hollow,  bulbous  basal  and  footplate  area  that  exhibits  a  large  fenestra  only 
on  one  side.  Sometimes  the  fenestra  is  subdivided.  The  fenestra  leads  to  a  large  hollow 
fossa.  Because  of  this  morphology  of  the  basal  and  footplate  areas,  the  stapedial  shaft  is 
shifted  in  position  from  the  middle  of  the  base  to  the  periphery,  thus  seemingly  producing 
a  different  type  of  lever  System.  Variation  between  the  Trogonidae,  Alcedinidae,  Todidae, 
Meropidae,  and  Momotidae  (“alcediniform  birds”)  is  minor.  The  Alcedinidae  have  the 
most  expanded  basal  area,  and  are  generally  distinguishable  from  other  families  by  that 
character. 

The  families  under  consideration  may  also  be  characterized  by  the  position  of  the  shaft 
of  the  stapes  with  respect  to  the  base.  This  character  is  best  described  by  imagining  the 
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form  of  the  base  of  the  stapes  as  a  protractor  with  a  slightly  rounded  base,  from  the  middle 
of  which  the  shaft  emerges. 

Other  coraciiform  birds  and  possible  allies 

The  Swifts  and  hummingbirds  (Apodiformes),  colies  (Coliiformes),  cuckoo-rollers 
(Leptosomatidae),  ground-rollers  (Brachypteraciidae),  true  rollers  (Coraciidae),  and  most 
hornbills  (Bucerotidae)  all  exhibit  the  primitive  condition  of  the  stapes.  In  addition,  most 
of  the  piciforms  also  have  the  primitive  condition. 

Passerine  birds 

Suboscine  species  examined  have  a  derived  stapes  only  slightly  different  from  that  of  the 
Trogonidae,  Alcedinidae,  Todidae,  Meropidae,  and  Momotidae.  The  number  of 
specimens  of  suboscine  birds  examined  is  given  in  Feduccia  (1974).  In  the  oscine  passerine 
birds  the  primitive  condition  is  found  in  all  families.  There  is  minor  Variation  in  the  basal 
region,  but  it  is  fundamentally  similar  in  all  forms.  As  in  the  trogons,  kingfishes,  todies, 
bee-eaters  and  motmots,  the  suboscine  stapes  has  a  large,  hollow,  bulbous  basal  and 
footplate  area  that  exhibits  a  large  fenestra  on  one  side  only  (sometimes  the  fenestra  is 
subdivided)  which  leads  into  a  large  fossa.  As  in  the  coraciiform  groups,  the  shaft  attaches 
to  the  periphery  of  the  base.  The  “suboscine”  stapes  differs  from  the  alcediniform  stapes  in 
the  shape  of  the  base  and  the  position  of  the  shaft.  In  suboscines,  the  footplate  is  nearly 
triangulär,  with  three  unequal  sides,  but  with  the  shaft  usually  emerging  from  the  area 
where  the  two  longest  sides  meet.  The  shape  of  the  footplate,  and  the  point  of  emergence 
of  the  shaft  of  the  stapes  is  highly  variable  in  suboscines,  while  in  the  alcediniforms  it  is  a 
static  character.  By  this  character  alone  one  can  separate  suboscines  from  the  alcediniform 
groups  with  a  confidence  of  over  90%;  however,  in  some  suboscines  the  base  resembles  the 
alcediniform  type.  This  difference  in  the  form  of  the  base  of  the  stapes  may  also  be 
demonstrated  by  placing  specimens  in  a  finger  bowl  or  depression  slide  filled  with  a 
50%  glycerine  solution.  Alcediniform  stapes  will  turn  so  that  the  fossa  faces  upward,  while 
“suboscine”  stapes  will  tend  to  fall  on  their  “sides.” 

Suboscines  with  the  derived  stapedial  morphology  may  be  separated  from  other 
passerines  as  an  Order  Tyranniformes;  they  would  appear  to  form  a  cohesive  monophyletic 
group. 

Australian  “Suboscines” 

Evidence  has  accumulated  to  indicate  that  the  Menurae  is  not  of  suboscine,  but  probably 
of  oscine  affinity  (Sibley,  1974;  Feduccia,  1975c).  I  have  now  examined  the  stapes  of 
Menura,  Atrichornis,  Acanthisitta,  and  Xenicus;  all  lack  the  stapedial  morphology 
characteristic  of  modern  suboscines  and  have  the  primitive  condition  for  the  element. 
Though  possession  of  the  primitive  condition  of  the  stapes  in  these  forms  does  not  prove 
their  oscine  affinities,  it  suggests  that  they  are  not  dose  allies  of  the  modern  suboscines,  or 
at  least  would  have  had  to  evolve  before  the  derived  stapes  type.  Therefore  it  seems  more 
likely  that  the  species  of  Australian  passerines  thought  previously  to  represent  suboscines 
are  probably  oscines  or  are  primitive  within  the  passerines.  The  suboscines  of  Madagascar 
have  the  suboscine  type  of  stapes,  thus  confirming  their  Status  within  the  Tyranni 
(Feduccia,  1975d). 
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Conclusion 

The  morphology  of  the  bony  stapes  provides  an  exceptional  and  perhaps  unique 
opportunity  for  phylogenetic  analysis  in  that:  (1)  the  primitive  condition  is  known,  it 
being  that  found  in  the  reptilian  ancestors  of  birds;  and  (2)  the  primitive  condition  (with  a 
flat  footplate  and  straight  shaft)  occurs  in  the  vast  majority  of  living  birds.  The  primitive 
condition  is  assumed  to  represent  the  retained  reptilian  stapes,  and  therefore  where  derived 
“pockets”  of  unique  stapedial  morphologies  are  found  they  are  interpreted  as  strong 
indications  of  evolutionary  relationships. 

Derived  morphologies  occur  only  in  a  number  of  cases,  but  a  cladistic  approach  to 
stapedial  morphology  permits  a  number  of  probable  evolutionary  Statements  as  follows: 

(1)  the  Storks  (Ciconiidae)  are  a  monophyletic  assemblage  and  share  a  stapedial  morpho¬ 
logy  with  the  whalebill  (Balaeniceps:  Balaenicipitidae).  The  primitive  pelecaniforms 
(Phaethon)  share  a  similar  morphology  with  many  storks  (most  other  pelecaniforms  have  a 
more  highly  derived  morphology),  so  a  pelecamform-stork  relationship  cannot  be  negated. 

(2)  Within  the  Strigiformes,  Tyto  and  Phodilus  share  a  similar  derived  stapedial  morpho¬ 
logy.  (3)  The  bee-eaters  (Meropidae),  kingfishers  (Alcedinidae),  motmots  (Momotidae), 
and  todies  (Todidae)  are  monophyletic,  and  the  trogons  (Trogonidae)  are  derived  from  the 
above  assemblage;  they  may  be  named  the  Alcediniformes.  (4)  The  hoopoes  (Upupidae) 
and  wood-hoopoes  (Phoeniculidae)  are  monophyletic.  (5)  The  New  and  Old  World 
suboscines,  including  the  Philepittidae,  form  a  monophyletic  assemblage,  but  are  not  allied 
with  the  Australian  forms  thought  to  be  suboscines  (Menura,  Acanthisitta,  etc.),  which 
forms  are  shown  to  be  oscines.  Suboscines  are  placed  in  the  Tyranniformes. 
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The  Relationship  between  the  Microanatomical  Development 
of  Auricular/Conch  Feathers  (limbus  facialis) 
of  Owls  and  their  Foraging  Ecology 

Richard  J.  Clark,  Dana  J.  Myers,  Barry  L.  Stanley  and  Leon  H.  Kelso 

Introduction 

The  development  of  hearing  and  its  associated  anatomy  reaches  its  epitomy  in  owls,  as 
an  Order,  among  birds.  It  has  been  researched  anatomically  and  physiologically  for  only  a 
relativ ely  few  species  but  there  has  been  great  depth  in  those  studies.  Literature  dealing 
with  descriptive  anatomy  of  Strigiformes  is  exhaustively  covered  m  Norberg  (1977)  hence 
there  is  no  need  to  review  it  here.  It  should  be  noted,  however,  that  Kelso  (1940)  first 
pointed  out  the  plastic  nature  of  the  external  ear,  responding,  as  it  were,  to  climate. 
Ilyichev  (1961)  exammed  the  microstructure  of  feathers  of  the  limbus  facialis  (facial  disc) 
and  suggested  ecological  selection  factors  impinging  upon  the  evolution  of  these  feathers. 
Clark  &  Stanley  (1976)  examined  the  microstructure  of  both  facial  disc  feathers 
(auricular)  and  feathers  of  the  postauricular  fold  (conch)  and  independently  reached 
conclusions,  concerning  ecological  pressures,  that  were  essentially  the  same  as  those  of 
Ilyichev  (1961).  Dementiev  &  Ilyichev  (1963)  examined  the  ears  and  associated 
structures  and  feather  specializations  of  the  ecologically  similar  Falconiformes.  The  nature 
and  role  of  hearing  in  owls  has  been  physiologically  explored  by  Schwartzkopff  (1955, 
1962,  1963),  Payne  &  Drury  (1958),  Norberg  (1968,  1973),  Golubeva,  Chernyi  & 
Ilyichev  (1970)  Van  Dijk  (1973),  Konishi  &  Kenuk  (1975)  and  Nieboer  &  Paardt 
(1977).  Additionally,  behavioral  experiments  have  been  conducted  to  ascertain  the 
physiological  limitations  on  hearing  in  owls  (Payne,  1962;  Ilyichev  &  Chernyi,  1973; 
and  Konishi,  1973a,b).  Ilyichev  (1975)  has  brought  together  the  literature  on  research 
dealing  with  direct  and  indirect  experimentation  as  well  as  those  utilizing  electro- 
physiological  and  histological  techniques. 

Comprehensive  approaches  to  the  problem,  from  the  standpoint  of  species  examined, 
have  been  lacking  with  the  notable  exceptions  of  Ford  (1967)  and  Norberg  (1977).  Also 
few  studies  have  dwelt  on  the  ecological  aspects  of  hearing  with  those  mentioned  earlier, 
i.e.  Kelso  (1940),  Ilyichev  (1961,  and  others),  Norberg  (1968,  1970,  1973)  and  Clark 
&  Stanley  (1976)  being  exceptions. 

Ilyichev  (1975)  has  been  studying  the  microstructure  of  feathers  and  the  internal 
neuro-anatomy  and  physiology  of  owls  as  have  been  Knudsen  &;  Konishi  (1978).  Finally, 
Norberg  (1977)  has  been  systematically  researching  the  descriptive  and  comparative 
morphology  of  the  external  ears  of  owls.  Both  have  been  interested  in  the  evolutionary 
aspects  of  the  System.  Norberg  (1977)  pointed  out  the  need  to  understand  the  ecological 
aspects  of  the  problem: 

“To  be  able  to  judge  the  degree  of  adaptivity  of  various  ear  structures  and  asymmetries 

one  needs  to  know  (i)  their  function  and  (ii)  their  importance  in  owl  ecology. 

Knowledge  of  relations  between  ear  structure  and  function  and  the  species’  habitat 
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selection  and  hunting  technique  is  crucial  also  for  the  problem  of  ecological  segregation 

among  owls,  many  species  of  which  are  ‘searchers’. . .  with  wide  diets”. 

To  point  out  the  sometimes  dynamic  Balance  between  the  ears,  hearing  ability,  foraging 
behavior,  feeding  ecology  and  habitat  of  an  owl  we  will  use  the  Short-eared  Owl  as  an 
example.  Pycraft  (1898)  had  noted  the  extensive  asymmetry  in  the  fleshy  parts  of  the  ear 
and  Kuroda  (1967)  had  suggested  osteological  asymmetry  also  in  this  species.  It  is  often 
stated  that  this  species  is  diurnal  and  Lack  (1966)  had  concluded  they  “hunt  by  night”.  Yet 
Pitelka  et  al.  (1955)  noted  they  must  have  hunted  “in  the  hours  of  low  light”  at  Point 
Barrow,  Alaska.  Clark  (1975)  demonstrated  that  given  a  choice,  i.e.  with  an  abundant 
food  supply  and  in  the  absence  of  harrassment  they  are  crepuscular.  The  ecological 
selection  pressure  causing  them  to  maintain  the  anatomical  specializations  for  using 
acoustical  cues  to  locate  prey  lies  in  their  propensity  for  open  habitats  and  in  the  prey  that 
those  open  habitats  frequently  yield.  Members  of  the  genus  Microtus  frequently  over- 
whelm  all  other  prey  species  in  the  diet  of  this  myophagic  owl.  Pursuing  this  further, 
Microtus  pennsylvanicus  is  often  the  species  in  North  America.  This  species  is  a 
semi-fossorial  one  that  travels  in  tunnel/runways  formed  in  part  by  grooves  on  the  ground 
surface  that  are  enclosed  on  top  by  Vegetation  placed  there  for  that  reason  by  the  voles. 
Thus  the  owl  is  “in  the  dark”  when  taking  this  prey.  We  admit  ignorance  as  to  whether  this 
habit  is  unique  to  this  North  American  species  of  Microtus  or  if  others  of  this  genus  have 
similar  habits  in  other  parts  of  the  world. 


Figure  1.  Measuring  the  interau- 
ral  distance  via  a  dial  micrometer. 
A  conch  (upper  right)  and  auricu- 
lar  (lower  right)  feather  are  also 
shown. 


Clark  et  al.:  Conch  Feathers  and  Foraging 
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Methods  and  materials 

All  measurements  were  made  from  study  skins  (Fig.  1)  housed  in  the  U.  S.  National 
Museum  (U.S.N.M.,  Washington,  D.  C.)  and  the  American  Museum  of  Natural  History 
(New  York).  Fine  measurements  were  made  visually  using  an  optical  micrometer. 
Behavior  and  food  data  were  drawn  from  the  literature. 

Results 

Our  intern  was  to  do  a  global  survey  and  this  is  preliminary  to  that.  We  can  here  only 
hope  to  introduce  the  lines  of  research  that  we  are  pursuing.  If  the  binaural  affect 
(Ilyichev  1975)  serves  to  facilitate  acoustical  onentation  to  a  prey  source  then  enlargement 
of  this  distance  should  enhance  the  owls  ability  to  quickly  and  accurately  ascertain  the 
direction  of  a  sound  source.  The  selection  for  a  wider  head  would,  of  course,  have  to  be  in 
balance  with  all  other  pertinent  selection  pressures.  It  was  with  these  factors  in  mind  that 
we  examined  the  allometric  relationship  between  interaural  distance  and  body  size  (Fig.  2). 
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Figure  2.  Interaural  distance  re- 
gressed  against^Vof  body  mass. 
Athene  noctua  females  (A)  and 
males  (B)  are  below  while  Tyto 
alba  females  (A^)  and  males  (B^) 
are  above.  See  text  for  line  formu- 
lae  and  statistics.  Two  equal  valu- 
res  are  denoted  by  2. 


Statistics  ior  Athene  noctua  are  as  follows:  (A)  cf  r  (correlation  coefficient)  =  .5148,  Sig. 
0.04,  N=12,  regression  lineformula  is  Y  =  -24.24879  +  1 1.32573X,  (B)  9  r  =  .58419,  Sig. 
0.04',  N  =  10,  y  =  -4.10207  +  7.7526X;  and  for  Tyto  alba  (A^)  cf  r  =  .92585,  Sig.  0.01, 
y  =  39.42365  +  2.91073X  and  (B^)  $  r  =  .59123,  Sig.  0.06,  N=8,  y  =  19.52885  + 
5.86629X.  We  examined  several  other  species  which  yielded  erratic  results  which  we 
attribute  to  the  crushing  of  the  skulls  when  the  study  skins  were  prepared.  The  data  for  the 
two  species  presented  came  from  birds  collected  largely  by  Dr.  George  E.  Watson  and 
presumably  prepared  under  his  direction.  The  Athene  noctua  regression  lines  are 
interesting  in  that  they  indicate  a  relatively  greater  enlargement  of  the  interaural  distance 
for  it  than  for  Tyto  alba  with  the  smallest  males  showing  the  greatest  enlargement.  It 
should  prove  interesting  to  compare  these  data  with  some  from  diurnal  raptors. 
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Ilyichev  (1961)  examined  the  microstructure  of  auricular  feathers  in  several  species  of 
owls  and  Dementiev  &  Ilyichev  (1963)  extended  this  to  hawks  and  also  examined  facial 
pterylography.  We  attempted  to  push  examination  of  the  auricular  feathers  further  (Table 
1)  but  found  this  examination  to  have  some  shortcomings.  We  extrapolated  the  physical 
density  of  the  feathers  (AOI)  from  the  measured  diameter  of  the  barbs  and  the  number  of 


Table  1:  Towards  an  acoustical  opaqueness  Index  (AOI)  for  strigiform  auricular  feathers. 


Species 

Tyto  alba 

OtHS 

scops 

Bubo 

Strix 

Asio 

virginianus 

nebulosa 

flammeus 

A  C 

A 

C 

A 

C 

A 

C 

A 

C 

Character 

Barbs  per  mm. 

3  4.25 

3.25 

4.75 

3 

3 

4 

3 

4 

6 

Distal  barbules  per  mm. 
Proximal  barbules 

20.5  37.5 

26.5 

48 

24 

29 

23 

44 

38 

50 

per  mm. 

16  35 

20.5 

38 

17 

22 

17 

30 

26 

36 

AOI  (%) 

12  42.5 

21.5 

47.5 

22 

31.5 

18.5 

40.5 

25 

48 

barbs  per  mm.  We  will  probably  go  to  measuring  density  values  via  a  densitometer.  It 
should  be  noted  that  pterylography  must  be  considered  as  is  evident  in  Strix  nebulosa 
where  the  auriculars  are  set  in  widely  spaced  tracts  and  selection  for  hearing  is  probably 
compromised  with  selection  for  reducing  heat  loss  in  a  cold  climate. 

It  is  not  surprising  that  we  find  flexibility  in  habitat  and  diel  activity  period  affinities  in 
owls  (Table  2)  for  food  procurement  must  at  times  override  other  preferences.  The 

Table  2:  Habitat  and  diel  activity  period  affinities  for  some  owls. 

Species 

Tyto 

alba 

Otus 

scops 

Bubo 

virgi¬ 

nianus 

Athene 

noctua 

Strix 

nebulosa 

Asio 

flammeus 

Habitat 

Forest 

O 

P 

P 

Woodland 

P 

P 

O 

O 

Savanna 

O 

O 

Steppe 

O 

O 

P 

P 

Desert 

s 

s 

Diel  period 

Nocturnal 

P 

P 

p 

P? 

S 

Crepuscular 

p? 

P? 

P 

Diurnal 

S 

s 

p 

S 

s 

Preferred  =  P  Occurs  =  O  Sometimes  =  S 


relationship  between  these  factors  can  be  seen  rather  clearly  in  Asio  flammeus  (Clark, 
1975)  where  the  propensity  for  frequenting  open  habitats  has  lead  to  stenophagy,  flexible 
fecundity  and  nomadism  in  this  species.  Although  the  habitat  affinity  ior  Strix  nehulosa  is 
decidedly  different  than  for  Asio  flammeus  it  too  seems  to  be  a  plastic  species  regarding 
fecundity  and  hunting  times  (Höglund  &  Lansgren,  1968).  Both  species  are  myophagic 


Clark  et  al.:  Conch  Feathers  and  Foraging 


629 


Table  3:  Foraging  behavior  of  some  owls  as  reflected  by  their  prey. 


Species 

Tyto 

alba 

Otus 

scops 

Bubo 

virgi- 

nianus 

Athene 

noctua 

Strix 

nebulosa 

Asio 

flammeus 

Prey  taxa 

177 

Invertebrates 

2,059 

37 

203 

600 

(0.71) 

(84.09) 

(2.12) 

(10.63) 

(0.72) 

Fish 

28 

(0.29) 

Amphibians 

2,164 

1 

76 

182 

21 

9 

(0.75) 

(2.27) 

(0.79) 

(3.22) 

(0.17) 

(0.04) 

Reptiles 

9 

2 

75 

3 

2 

(0.003) 

(4.55) 

(0.78) 

(0.05) 

(0.01) 

Birds 

6,928 

766 

157 

65 

955 

(2.40) 

(7.80) 

(2.78) 

(0.52) 

(3.86) 

Mammals 

277,294 

4 

8,430 

4703 

12,488 

23,572 

(96.13) 

(9.09) 

(88.01) 

(83.31) 

(99.32) 

(95.38) 

Total  prey 
number 

Percent 

288,454 

99.99 

44 

100.00 

9,578 

99.79 

5,645 

99.99 

12,574 

99.99 

24,715 

100.01 

(Table  3)  and  can  take  prey  using  only  acoustical  cues  to  locate  it.  Payne  (1962)  showed 
that  Tyto  alba  also  can  locate  prey  acoustically  and  does  so  hunting  almost  exclusively  at 
night.  It  frequents  habitats  of  a  greater  variety  than  the  two  earlier  mentioned  species  and 
this  IS  reflected  in  its  diet.  The  role  of  hearing  versus  vison  in  locating  prey,  remains  to  be 
demonstrated  in  the  other  three  species  for  which  we  tabulated  (Table  3)  type  of  prey  most 
frequently  taken.  Of  the  remaining  three  Otus,  Athene  and  Bubo,  the  latter  is  less  limited 
by  its  size  in  the  prey  it  can  take,  and  in  addition  it  shows  greater  plasticity  m  the  habitat  it 
will  frequent.  There  seems  to  be  a  decided  paucity  of  data  for  prey  taken  by  Otus  scops 
with  some  of  the  tabled  data  coming  from  museum  skin  labels  m  the  U.S.N.M. 

One  can  see  that  there  are  large  voids  of  knowledge  for  even  the  widely  distnbuted 
species  such  as  Otus  scops.  There  is,  no  doubt,  literature  we  have  not  located  nor  have 
access  to,  but  we  have  tried  to  demonstrate  the  comprehensive  approach  required  m  Order 
to  ascertain  the  importance  of  hearing  for  prey  location  in  owls. 
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Middle  Ear  Anatomy  of  the  Struthioniformes 

Edward  Saiff 
Introduction 

The  relationship  of  the  ratites  to  each  other  and  to  other  birds  is  a  controversial  topic. 
Stresemann  (1959)  suggested  that  a  final  solution  to  this  problem  may  never  be 
reached  yet  looked  forward  to  further  research  on  the  topic  particularly  in  the  field 
of  bird  anatomy.  Bock  (1963)  noted  that  while  new  morphological  characters  will 
provide  further  Information  it  is  doubtful  whether  additional  knowledge  of 
morphology  can  resolve  the  problem. 

What  follows  is  not  an  attempt  to  solve  once  and  for  all  the  ratite  problem  but  simply  an 
analysis  of  middle  ear  structure  of  one  group  of  ratites,  the  Struthioniformes.  It  is 
hoped  that  such  an  analysis  will  shed  some  additional  light  on  this  perplexmg  and 
interesting  problem. 

The  work  is  grounded  on  the  notion  as  in  similar  previous  studies  (Saiff,  1974,  1976, 
1978)  that  the  morphology  of  the  middle  ear  region  could  be  trusted  as  an  indicator 
of  taxonomic  relationship.  Whether  or  not  this  study  will  result  in  a  better 
understanding  of  the  ratite  problem  will  not  be  known  until  similar  analyses  are 
made  of  other  ratites  and  comparisons  are  made  among  ratites  and  carinates. 


Anatomy  of  the  middle  ear  region 

The  middle  ear  is  a  large  concavity  taking  up  much  of  the  posterolateral  region  of  both 
sides  of  the  head.  The  tissue  comprising  the  middle  ear  sac  is  supported  anteriorly 
and  dorsally  by  the  quadrate,  posteriorly  by  the  extensive  paroccipital  and  metotic 
processes  and  ventrally  by  a  thin  process  m  the  rear  (and,  more  anteriorly,  the 
lateral  edge)  of  the  basitemporal  platform.  The  interior  wall  of  the  middle  ear  cavity 
is  an  extensive  excavation  bounded  dorsally  by  a  shallow  depression  of  the  skull 
filled  by  musculature,  the  upper  tympanic  recess,  behind  which  is  located  the 
articular  surface  of  the  paroccipital  process  for  the  otic  head  of  the  quadrate.  No 
portion  of  the  upper  tympanic  recess  extends  posterior  to  the  quadrate-paroccipital 

articulation. 

The  middle  ear  cavity  is  referred  to  as  the  tympanic  fossa  since  it  is  covered  by  the 
tympanic  membrane  and  contains  the  columella.  The  inner  wall  of  the  tympanic 
fossa  is  made  up  by  the  periotic  and  exoccipital  bones  at  the  posterior  edge  of  which 
is  the  fenestra  ovalis  into  which  is  inserted  the  footplate  of  the  columella.  Just 
ventral  to  the  fenestra  ovalis  is  a  large  recessus  scalae  tympani.  Clearly  visible  in  the 
dorsal  aspect  of  the  recessus  scalae  tympani  is  the  perilymphatic  sac  as  well  as  the 
processus  interfenestralis. 

Anterior  to  the  fenestra  ovalis  and  just  dorsal  to  the  anteriormost  portion  of  the  recessus 
scalae  tympani  is  a  vertical  ridge  of  bone.  Just  anterior  to  this  ridge  is  a  deep 
foramen  for  the  seventh  cranial  nerve,  shared  by  both  the  hyomandibular  and 
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palatine  rami  of  that  nerve.  The  palatine  nerve  branches  from  the  main  trunk  of  the 
facial  nerve  immediately  upon  exiting  from  the  facial  foramen  and  then  turns 
anteroventrally  to  enter  a  thin  bony  canal,  the  exit  of  which  is  located  at  the  anterior  end 
of  the  basitemporal  platform,  medial  to  the  point  of  exit  of  the  Eustachian  tube 
and  lateral  to  the  exit  point  of  the  palatine  artery.  For  a  portion  of  its  length,  this 
canal  for  the  palatine  nerve  is  contiguous  with  the  canal  carrying  the  palatine  artery 
and  thus  represents  a  true  parabasal  canal.  The  hyomandibular  ramus  of  the  facial 

nerve,  upon  exiting  its  foramen,  continues  laterally,  supported  by  a  thin  Strip  of 

bone.  The  hyomandibular  ramus  continues  dorsal  to  the  columella  to  the  rear  of  the 
middle  ear  cavity,  running  along  the  lateral  surface  of  the  stapedial  artery  and  vena 

capitis  lateralis  with  which  it  exits  from  the  middle  ear  cavity  through  a  foramen  in 

the  lower  portion  of  the  metotic  process.  Just  posterodorsal  to  the  columella  it  gives 
off  a  thin  branch,  the  chorda  tympani  which  runs  in  an  anterior  direction  dorsal  to 
the  columella  very  dose  to  the  tympanic  membrane. 

The  vena  capitis  lateralis  exits  the  middle  ear  as  a  single  vessel  which  subsequently  breaks 
up  into  individual  venous  branches  which  lower  down  in  the  neck  reunite  to  form  a 
single  vessel.  The  carotid  artery  is  found  in  the  upper  neck  just  below  the  middle  ear 
region  wrapped  in  a  bündle  of  veins  all  of  which  are  branches  of  the  vena  capitis 
lateralis.  The  venous  bündle  and  its  enclosed  carotid  artery  is  surrounded  by  a  tough 
membrane. 

The  carotid  artery  enters  the  middle  ear  from  below  via  a  carotid  foramen.  The  artery 
travels  in  the  ventral  portion  of  the  middle  ear  cavity  in  a  bony  carotid  canal. 
Approximately  halfway  along  the  length  of  the  carotid  canal  is  a  carotid  entrance 
foramen  through  which  the  carotid  artery  enters  the  braincase.  A  branch  of  the 
carotid  artery,  the  palatine  artery,  continues  to  run  forward  in  the  parabasal  canal  to 
exit  adjacent  to  the  Eustachian  tube.  Just  prior  to  entering  the  middle  ear  region 
from  the  neck  the  carotid  artery  gives  off  a  dorsal  branch,  the  stapedial  artery.  The 
stapedial  artery  enters  the  middle  ear  region  through  the  stapedial  arterial  foramen 
in  the  metotic  process.  The  foramen  continues  as  a  canal  running  in  the  same  plane 
as  the  metotic  process  to  a  position  just  below  the  recessus  scalae  tympani.  The 
medial  wall  of  the  stapedial  arterial  canal  is  perforated  by  a  foramen  which  leads  into 
a  laterally  naked  canal  which  courses  dorsolaterally  to  the  foramen  magnum. 
Carried  in  this  structure  is  a  small  occipital  artery.  The  stapedial  artery  continues  to 
run  first  posterior  then  dorsal  to  the  columella  in  a  deeply  excavated  groove  in  the 
medial  wall  of  the  tympanic  fossa.  The  anterior  edge  of  this  stapedial  arterial  groove 
forms  the  ventral  and  then  the  posterior  edge  of  the  recessus  scalae  tympani. 
Running  lateral  and  dorsal  to  the  stapedial  artery  is  the  vena  capitis  lateralis  which 
leaves  the  middle  ear  cavity  through  the  stapedial  arterial  foramen  in  the  metotic 
process.  Together  the  stapedial  artery  and  vena  capitis  lateralis  form  a  rete  mirabile 
medial  to  the  quadrate  quite  a  distance  posterior  to  the  foramen  prooticum. 

The  foramen  prooticum  is  large  in  Struthio  and  separated  from  the  facial  foramen  by  a 
large,  anteriorly  directed,  conical  concavity,  the  presphenoid  sinus,  the  anterior  end 
of  which  is  highly  pneumatic.  The  foramen  prooticum  is  found  on  the  lateral  wall  at 
the  outer  surface  of  the  presphenoid  sinus.  Much  of  the  presphenoid  sinus  extends 
posterior  to  the  foramen  prooticum. 
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The  glossopharyngeal  and  vagus  nerv  es  exit  together  from  the  skull  via  a  large  toramen 
medial  to  the  stapedial  arterial  foramen.  In  several  of  the  skulls  studied  a  thin  bridge 
of  bone  partially  divides  the  vagus-glossopharyngeal  foramen  into  regions  for  each 
of  the  two  nerv  es  and  in  one  specimen  (AMNH  4376)  there  seems  to  be  a  separate 
foramen  for  the  glossopharyngeal  nerve.  The  hypoglossal  nerves  exit  via  several 
small  foramina  located  in  the  region  between  the  posterior  portion  of  the  parocci- 
pital  process  and  the  occipital  condyle. 

Beneath  the  floor  of  the  presphenoid  sinus  and  dorsal  to  the  carotid  foramen  is  the 
entrance  to  the  Eustachian  canal.  The  Eustachian  tube  consists  of  a  thick  hollow 
mambrane  that  is  completely  encased  in  bone  in  the  Eustachian  canal.  The 
Eustachian  tubes  of  both  sides  exit  from  above  the  basitemporal  platform  via  a  pair 
of  widely  separated  foramina  in  the  dried  skull.  The  tube  from  each  side  runs  along 
the  ventral  surface  of  the  basipterygoid  process  (McDowell,  1948),  also  called  by 
Bock  (1963)  the  basitemporal  process,  and  each  opens  into  the  hind  portion  of  the 
palate  as  a  small  slit  located  within  a  larger  vacuity  found  posterior  to  the  opening  of 
the  internal  nares  at  the  rear  of  the  mouth. 

Just  anterior  to  the  dorsal  articulation  of  the  quadrate  with  the  paroccipital  process  is  the 
upper  tympanic  recess  from  which  originäres  a  muscle  mass  associated  with  the  jaw 
apparatus.  This  cavity  in  extending  dorsally  and  medially  fills  much  of  the 
paroccipital  region  of  the  skull.  At  its  internal  end  it  has  numerous  pneumatic 
openings.  Posterior  to  the  dorsal  quadrate-paroccipital  articulation  are  a  pair  of 
pneumatic  foramina  that  are  not  in  contact  with  each  other  or  any  other  pneumatic 
opening. 


Conclusions 

It  seems  difficult  to  avoid  the  conclusion  that  the  Struthioniformes  have  evolved  from 
flying  ancestors.  They  share  numerous  middleear  characteristics  with  Procellarii- 
formes  (Saiff,  1974),  Sphenisciformes  (Saiff,  1976,  Pelecaniformes  and  Ciconii- 
formes  (Saiff,  1978).  There  are  similarities  in  several  of  the  foramina  for  the  cranial 
nerves  that  open  into  the  middle  ear  region,  the  presence  and  morphology  of  the 
presphenoid  sinus  and  upper  tympanic  recess  as  well  as  the  paths  taken  by  the  major 
blood  vessels  of  the  region,  and  the  presence  of  a  refe  unirable.  Not  only  do  these  Orders 
share  middle  ear  characters,  but  they  also  share  numerous  other  anatomical  and  embryolo- 
gical  chracteristics  as  reviewed  by  Sibley  &  Ahlquist  (1972).  These  include  pterylosis  of 
the  wing,  intestinal  convolutions,  hallux  morphology  and  function,  and  general  skull  em- 
bryology. 

At  the  same  time  Struthio  retains  some  unique  middle  ear  structures  which  clearly 
distinguish  it  from  the  flying  forms  upon  which  I  have  previously  reported  (Saiff, 
1974,  1976,  1978).  There  is  the  interesting  arrangement  of  a  single  foramen  shared 
by  the  glossopharyngeal  and  vagus  nerves  (but  not  always  constant).  There  is  a 
unique  structure  in  the  upper  neck  just  below  the  middle  ear  for  the  vena  capitis 
lateralis  as  well  as  a  Eustachian  tube  that  opens  near  the  posterior  of  the  middle  ear 
and  continues  forward  completely  encased  in  bone  to  open  at  the  rear  of  the  palate 
in  a  manner  unlike  that  seen  in  the  carinates  so  far  examined  by  me. 
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Song  Learning,  Dialects  and  Auditory  Templates:  An  Ethological  Viewpoint 

Peter  Marler 
Introduction 

The  next  major  frontiers  for  biological  research  are  in  die  neurosciences,  and  one  of  their 
ultimate  aims  is  to  understand  how  nervous  Systems  generate  and  control  behavior.  There 
is  a  special  role  for  studies  of  avian  vocal  behavior  giving  access  as  they  do  to  some  of  the 
most  intricate  and  profound  problems  that  neuroscientists  are  concerned  with.  Bird 
vocalizations  include  the  most  complex  behaviors  that  animals  perform;  some  are  innate, 
and  some  are  radically  transformed  through  learning.  There  is  a  variety  of  developmental 
time  tables  from  species  to  species,  some  open  throughout  life,  others  radically  limited  in 
time,  so  that  they  illustrate  the  phenomenon  of  sensitive  developmental  periods  in  almost 
ideal  form. 


The  syrinx 

The  Operation  of  the  avian  syrinx  is  much  better  understood  since  the  work  of 
Greenewalt  (1968),  supporting  the  “two-voice”  interpretation.  The  songbird  vocal  tract 
does  not  operate  by  modulation  of  resonant  air  cavities  as  in  human  voice  production.  It  is 
actively  driven  by  the  syringeal  membranes,  as  George  Hirsch  (1966)  confirmed  by 
showing  that  several  songbirds  vocalizing  in  helium  air  showed  no  pitch  change.  Much 
remains  to  be  learned  about  how  the  two  voices  operate,  and  about  the  relative 
contributions  of  the  intrinsic  syringeal  musculature  and  the  general  respiratory  muscula- 
ture  in  the  dynamics  of  oscine  sound  production. 

Song  dialects:  their  perceptual  and  genetic  significance 

Song  dialects  have  been  well  studied  in  the  White-crowned  Sparrow  (Marler  & 
Tamura  1962;  Baptista,  1975).  Baker  has  demonstrated  both  genetic  differences  across  a 
local  dialect  boundary,  and  also  an  influence  on  the  settling  patterns  of  young  birds, 
showing  that  they  are  deflected  in  favor  of  the  dialect  of  the  birth  place,  if  born  near  a 
boundary  (Baker,  1976;  Baker  &  Mewaldt,  1978).  In  other  species  the  distribution  of 
song  variants  is  clearly  much  more  complex,  as  Kroodsma  (1974)  has  shown  in  the 
Bewick’s  Wren.  Some  of  a  male’s  16  or  so  songs  are  shared  with  the  father,  while  others  are 
acquired  after  dispersal  from  the  birth  place.  There  may  be  some  conflict  between 
advantages  to  staying  home  and  matching  the  father’s  song,  and  to  moving  away,  and 
possessing  songs  that  match  those  of  new  neighbors.  Indeed  it  is  becoming  increasingly 
clear  that  a  variety  of  selection  pressures  impinge  on  dialects  and  on  the  nature  and  size  of 
the  song  repertoire. 

The  nature  and  physiological  basis  of  the  varying  salience  of  biologically-significant 
sound  Stimuli  is  another  basic  neurobiological  theme.  Playback  studies  suggest  that  dialects 
in  a  song  or  call  affect  its  salience  as  a  Stimulus  to  other  individuals.  The  perceptual 
significant  of  variations  in  repertoire  size  or  quality  is  an  active  issue.  Perhaps  females  are 
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responsive  to  such  variations,  and  find  large  repertoires  more  stimulating  than  small  ones? 
Kroodsma  (1976)  prepared  two  versions  of  a  long  sequence  of  canary  song,  one 
unmodified,  the  other  simplified  by  deleting  all  but  five  of  the  30  or  so  syllable  types  and 
closing  up  the  gaps.  Played  to  females,  this  simplification  slows  down  the  rate  of  nest 
building  evoked  by  the  song,  delays  the  laying  of  the  first  egg,  and  reduces  the  overall 
number  of  eggs  laid.  It  remains  to  be  seen  whether  the  more  subtle  variations  that  occur  in 
nature  will  also  differ  measurably  in  their  effect  on  females,  and  whether  they  correlate  in 
turn  with  the  fitness  of  a  male  as  a  potential  mate. 

Nowhere  eise  in  the  animal  kingdom  do  we  find  learning  playing  as  dominant  and 
complex  a  role  in  the  development  of  behavior  as  in  bird  vocalizations.  The  only  remote 
parallel  is  in  speech  development  in  children.  Two  themes  of  particular  interest  to 
neurobiologists  are  the  existence  of  sensitive  developmental  periods  of  life,  in  which  the 
organism  is  especially  responsive  to  Stimulation,  and  secondly  the  phenomenon  of 
selectivity  in  such  responsiveness,  with  young  birds  having  to  learn  their  songs  and  yet 
possessing  the  ability  to  select  a  particular  set  of  sounds,  including  songs  of  the  species,  as  a 
focus  for  the  learning  process. 


Sensitive  periods 

We  have  known  for  some  time  that  several  songbirds  learn  song  during  a  quite  short 
period  in  youth,  then  become  refractory  to  any  further  influence  on  their  own  motor 
patterns  of  singing  and  finally  produce  their  own  rendition  of  the  songs  from  memory. 
However  the  details  vary  from  species  to  species.  In  early  studies  we  defined  the  sensitive 
period  crudely  by  presenting  song  playback  at  different  periods  of  life  to  birds  in  the 
laboratory  (Thorpe,  1958,  Marler  &  Tamura,  1964,  Marler,  1970).  Some  learned  and 
some  did  not,  developing  the  innate  song  instead.  But  of  course  in  nature  a  bird  is 
presented  with  a  changing  sequence  of  potential  models  as  it  matures.  Immelmann  (1969) 
confronted  Zebra  Finches  with  such  choices  in  characterizing  their  rather  sharply-defined 
sensitive  period  for  song  learning. 

Kroodsma  (1978)  has  shown  how  we  can  refine  the  definition  of  sensitive  periods  in 
ways  that  illuminate  the  role  in  dispersal.  Beginning  at  one  or  two  weeks  of  age,  young 
male  Long-billed  Marsh  Wrens  were  exposed  over  a  72  day  period  with  a  total  of  44 
different  song  types,  some  presented  over  9-day  periods,  some  over  6-day  periods  and 
some  for  only  three  days.  In  every  case  a  thousand  exposures  constituted  one  day’s 
treatment  for  a  given  song.  The  9-day  exposures  serve  for  a  rough  definition  of  the 
sensitive  period,  and  the  3-day  one  for  finer  resolution,  showing  that  while  learning  occurs 
roughly  between  15  and  60  days  of  age,  there  are  suggestions  of  two  peaks  of  sensitivity. 
This  is  especially  interesting  in  view  of  Kroodma’s  early  work  on  song  learning  in 
Bewick’s  Wrens  in  the  wild,  suggesting  that  learning  both  before  and  after  dispersal  from 
the  home  area  may  be  important  in  the  life  of  wrens. 

We  have  probably  underestimated  the  potential  flexibility  of  song  learning  programs. 
While  much  previous  work  on  song  learning  had  used  emberizine  and  estrildine  finches  as 
subjects,  the  Canary  is  a  cardueline  finch.  I  was  surprised  to  find  that  male  Canaries  which 
had  been  prevented  from  hearing  their  own  voice  for  the  first  200  days  or  so  of  life  by 
masking  noise,  with  a  song  like  that  of  deafened  birds  when  the  noise  was  turned  off  in 
mid-breeding  season,  achieved  no  improvement  fqr  the  rest  of  that  season,  but  were  able 
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to  achieve  a  much  more  normal  song  in  the  breeding  season  that  followed,  in  their  second 
year  of  life  (Marler  &  Waser,  1976).  It  now  appears  that  male  Canaries  continue  to 
modify  their  songs  throughout  life,  as  Nottebohm  &  Nottebohm  (1978)  have  recently 
documented  by  comparing  the  songs  of  male  Canaries  in  the  first  and  second  year.  Not 
only  are  many  song  syllables  replaced  by  others,  but  there  is  also  a  significant  increase  in 
the  song  syllable  repertoire  size.  Thus  in  some  birds  the  complexity  of  the  song  repertoire 
may  serve  as  a  kind  of  age  marker,  permitting  females  to  be  more  selective  in  mating  with 
the  most  fit  mates  that  are  available  to  them  (Nottebohm  1972).  It  begms  to  look  as 
though  adult  song  plasticity  is  a  particular  feature  of  cardueline  finches,  for  Güttinger 
(1974,  1976)  has  recently  found  evidence  of  adult  song  change  in  the  European  Greenfinch. 
Call  plasticity  has  also  been  described  in  siskins,  the  Twite  and  in  crossbills  and  the  Pine 
Grosbeak,  in  some  cases  throughout  life  (Mundinger,  1971;  Marler  &  Mundinger, 
1975;  Adkisson,  in  press).  This  seems  to  be  lacking  from  the  closely  related  sparrows. 
These  variations  m  developmental  plasticity  m  closely  related  species  are  ideal  subjects  for 
physiological  study. 


Selective  Imitation 

Similarly  on  the  issue  of  selective  imitation  of  certain  models,  some  species  are  relatively 
indiscriminate  -  interspecific  mimics  are  obvious  cases.  Experiments  have  shown  that 
where  the  breadth  of  acceptable  models  is  greater  under  experimental  than  natural 
conditions,  the  limitations  are  sometimes  social  radier  than  auditory.  NicolaTs  (1959) 
Bullfinches  and  Immelmann’s  (1969)  Zebra  Finches  are  cases  in  point  where  learning  is 
guided  within  a  social  framework,  the  young  male  learning  sounds  emanating  from  the 
father.  But  in  other  cases  a  young  male  learns  selectively  from  a  loudspeaker.  Thorpe 
(1958)  demonstrated  such  selectivity  in  his  classic  studies  of  song  learning  in  the  Chaffmch, 
and  we  found  that  male  White-crowned  Sparrows  accept  conspecific  song  and  reject  Song 
Sparrow  song.  We  have  recently  found  another  case  in  the  Swamp  Sparrow,  Melospiza 
georgiana  (Marler  &  Peters,  1977). 

The  normal  songs  of  the  Song  and  Swamp  Sparrows,  although  similar  in  duration,  are 
very  different  in  temporal  Organization.  Swamp  Sparrow  song  is  simple,  consisting  of  a 
slow  trill  of  similar  slurred  notes.  That  of  the  Song  Sparrow  is  more  complex,  with  several 
distinct  parts,  several  different  note  and  syllable  types,  and  a  trill  near  the  end.  Both  engage 
in  vocal  learning,  and  in  both  songs  of  socially-isolated  mal  es  are  significantly  abnormal, 
with  simpler  syllables  and  fewer  component  parts.  We  designed  an  experiment  to  present 
young  male  Swamp  Sparrows  with  songs  of  both  species  to  see  if  selective  learning  would 
occur,  and  to  try  to  specify  some  of  the  acoustic  parameters  involved.  For  this  purpose,  we 
created  a  series  of  artificial  songs.  Distinctively  different  syllables  were  edited  out  from 
tape  recordings  of  nocmal  local  songs  of  the  two  species.  These  were  then  spliced  together 
in  a  variety  of  simple  temporal  patterns.  Some  were  “Swamp-Sparrow-like”  sequences  of 
indentical  syllables  at  various  steady  rates.  “Song-Sparrow-like”  patterns  included 
variable  rates  of  delivery,  such  as  accelerating  or  decelerating  series,  and  a  multi-partite 
structure  -  in  this  case  two  parts  rather  than  just  one. 

Our  expectation  was  that  the  pattem  differences  would  provide  the  basis  for  any 
selectivity.  It  seemed  unlikely  that  individual  syllables  would  be  important  m  species 
recognition  because  of  the  great  intraspecific  variability  in  syllable  form.  However  as  a 
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precaution,  we  created  a  double  set  of  the  ten  patterns,  one  composed  of  16  different 
Swamp  Sparrow  syllables,  the  other  from  16  different  Song  Sparrow  syllables.  These  were 
all  selected  to  be  sufficiently  distinct  that  if  Imitation  occurred  we  would  be  able  to 
determine  from  which  pattem  they  had  been  selected.  Male  Swamp  Sparrows  were  played 
these  tapes  twice  a  day  in  morning  and  evening  for  30  days,  between  20  and  50  days  of  age. 
We  already  knew  this  to  include  the  sensitive  period  for  vocal  learning  in  Swamp 
Sparrows.  In  the  first  year  we  worked  with  birds  taken  as  nestlings  from  wild  nests,  and  in 
the  second  year  with  birds  hatched  from  eggs  placed  under  Canaries.  The  results  were  the 
same.  Many  songs  were  copied,  but  every  one  was  composed  of  Swamp  Sparrow  syllables. 
Although  there  was  equal  exposure  to  Song  Sparrow  syllables,  in  identical  patterns  of 
temporal  Organization,  none  of  these  were  copied.  Thus  the  male  Swamp  Sparrow  exhibits 
innately,  selective  vocal  learning,  accepting  only  conspecific  syllables  for  Imitation,  and 
rejectmg  Song  Sparrow  syllables.  The  choice  was  clearly  made  at  the  level  of  the 
components  from  which  the  song  was  constructed  and  not  the  Overall  pattem. 

Auditory  Templates 

This  finding  also  helps  to  fill  a  gap  in  a  hypothesis  we  have  been  developing  that  explains 
song  learning  in  some  species  in  terms  of  innate  but  modifiable  auditory  templates. 
Building  on  Konishi’s  (1965)  discovery  that  early  deaferiing  erases  many  species  specific 
song  features,  we  began  thinking  of  a  kind  of  innate  auditory  filter  that  would  help  a  young 
male  to  focus  attention  on  conspecific  models.  In  listening  to  them  the  filter  would  become 
modified  and  refined  as  the  vehicle  for  the  memory  trace  or  engram  of  what  has  been 
learned.  Then  the  bird  would  begin  to  sing,  using  the  memory  trace  as  a  template  to  guide 
vocal  development.  A  deaf  bird  can’t  do  this  so  you  get  a  very  simple  song.  An  intact  bird 
does  better  and  this  presumably  teils  us  something  about  the  specifications  of  the  innate 
template. 

One  of  several  gaps  is  our  ignorance  of  how  much  has  to  be  posmlated  as  innate?  Should 
we  think  in  terms  of  something  like  an  innate  mental  Image  of  a  song,  imperfect  but  still  an 
adequate  skeleton  on  which  to  put  the  flesh  of  normal  song?  The  Swamp  Sparrow 
experiment  suggests  not.  I  now  prefer  to  think  in  terms  of  innate  responsiveness  to  a  very 
elementary  property  of  conspecific  song,  sufficient  to  reject  certain  competing  sounds  but 
leaving  plenty  of  latitude  for  subsequent  learning.  I  wonder  if  many  releasers  that 
ethologists  have  studied  in  young  birds  may  not  be  better  thought  of  as  learning  guides 
than  as  innate  equipment  that  is  ready  made  for  adult  use  (Marler,  1977). 

There  is  evidence  that  human  babies  possess  some  innate  guidelines  in  the  selection  of 
features  of  speech  on  which  they  should  first  focus  their  attention  in  trying  to  classify 
Speech  sounds  and  attach  meanings  to  them. 

Conclusion 

The  number  of  parallels  between  vocal  learning  in  birds  and  in  man  is  striking  enough 
that  we  no  longer  need  feel  hesitant  in  suggesting  that  the  principles  involved  are  widely 
applicable.  They  bear  on  neurobiological  principles  that  recur  in  widely  different 
organisms  -  even  though  they  may  be  put  to  different  behavioral  functions  (Marler, 
1975,  in  press).  Comparative  ethological  studies  of  vocal  development  in  birds  and  man 
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document  several  phenomena  that  invite  physiological  Investigation.  These  include  the 
existence  of  sensitive  periods,  narrowly  defined  in  some  species  and  broadly  defined  in 
others.  There  is  selectivity  in  the  learning  process,  such  that  the  young  organism  is 
differentially  responsive  to  certain  patterns  of  sound  rather  than  others,  even  though  such 
predispositions  may  be  modifiable  as  a  result  of  subsequent  experience.  These  phenomena 
are  manifest  in  patterns  of  motor  behavior  that  offer  a  wide  spectrum  of  complexity,  some 
simple,  others  enormously  complex,  inviting  comparison  with  the  most  elaborate  motor 
skills  that  we  know  of.  Many  neurobiologists  are  now  concerned  with  a  search  for  animal 
analogues  to  issues  that  fascinate  us  in  study  of  the  human  brain  and  physiological 
correlates  of  thought  and  consciousness.  I  would  venture  the  Suggestion  that  birds  may 
prove  more  suitable  as  models  than  some  of  the  traditional  mammalian  subjects,  as  I 
believe  will  be  evident  from  some  other  contributions  to  this  Symposium. 
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Neural  Pathways  for  Song  Control:  A  Good  Place  to  Study  Sexual 
Dimorphism,  Hormonal  Influences,  Hemispheric  Dominance  and  Learning 

Fernando  Nottebohm 
Introduction 

Chaffinches,  White-crowned  Sparrows,  Zebra  Finch  es  and  many  other  oscine  songbirds 
learn  their  song  by  imitating  conspecifics  (Thorpe,  1958;  Marler,  1970  and  this 
Symposium;  Immelmann,  1969).  Such  vocal  learning  requires  three  different  kinds  of 
processes:  1)  choice  of  a  correct  model;  2)  remembering  this  model;  3)  modification  of 
vocal  output  until  the  auditory  feedback  it  generates  matches  the  model  (Konishi,  1965). 
This  is  an  interesting  Situation  for  a  neuroethologist  because  it  affords  the  oppormnity  to 
study  brain  pathways  involved  in  each  of  these  tasks. 

The  vocal  organ  of  birds 

The  Syrinx  is  the  vocal  organ  of  birds.  In  oscine  songbirds  it  consists  of  two  functionally 
equivalent  halves.  Each  half  has  its  own  air  supply,  sound  source,  muscular  control  and 
Innervation.  Sounds  are  produced  by  the  periodic  oscillations  of  the  internal  tympaniform 
membranes  (i.t.m.).  There  is  one  i.t.m.  in  each  syringeal  half,  forming  the  medial  wall  of 
the  upper  reaches  of  each  bronchus.  The  i.t.m.  are  drawn  into  the  bronchus  as  a  result  of 
the  Bernouilli  effect,  periodically  interrupting  air  flow.  This  pattem  of  oscillation  is 
presumably  in  phase  with  turbulence  generated  as  air  flows  by  the  narrow  opening 
connecting  bronchus  and  trachea.  The  syringeal  muscles  modulate  the  sounds  produced  by 
setting  membrane  tension  and  Controlling  airflow  past  them.  Each  syringeal  half  is 
innervated  by  the  tracheosyringeal  branch  of  the  ipsilateral  hypoglossus  nerve.  This  topic 
is  reviewed  in  greater  detail  elsewhere  (Nottebohm,  1975). 

Left  hypoglossal  dominance 

Both  syringeal  halves  are  anatomically  symmetrical,  and  yet  most  vocal  sounds  are 
produced  by  the  left  half,  only  a  few  by  the  right  one.  This  can  be  demonstrated  by  cutting 
the  right  or  left  tracheosyringealis  nerve.  In  Chaffinches,  White-crowned  Sparrows, 
White-throated  Sparrows  and  Canaries  section  of  the  left  tracheosyringealis  results  in  loss 
of  a  majority  of  song  components,  which  are  replaced  by  silent  gaps  or  by  other,  poorly 
modulated  sounds.  Section  of  the  right  tracheosyringealis  results  in  the  loss  of  a  few 
sounds,  if  any  (Nottebohm,  1971,  1972;  Nottebohm  &  Nottebohm,  1976;  Lemon, 
1973).  Left  hypoglossal  dominance  for  vocal  control  is  accompanied  by  a  somewhat  more 
robust  musculature  on  the  left  syringeal  half.  Left  hypoglossal  dominance  is  not  likely  to 
be  determined  by  peripheral  restrictions  on  what  each  syringeal  half  and  its  corresponding 
innervation  can  do.  Section  of  the  left  hypoglossus  in  young  Chaffinches  and  Canaries  is 
followed  by  atrophy  of  the  left  syringeal  musculature;  in  such  birds  normal  song  develops 
under  dominant  right  hypoglossal  control.  (Nottebohm,  1971;  Nottebohm  &  Notte¬ 
bohm,  1976). 
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Chaffinches  develop  their  song  during  their  first  year  of  life.  In  this  species  reversal  of 
left  hypoglossal  dominance  is  possible  only  up  to  the  time  when  song  Starts  to  crystallize 
into  the  stähle  adult  pattem.  Canaries  modify  their  song  repertoire  as  they  go  from  year  1 
to  year  2  to  year  3  (Nottebohm  &  Nottebohm,  1978  and  unpublished  observations), 
and  in  this  species  reversal  of  left  hypoglossal  dominance  is  possible  in  adulthood 
(Nottebohm,  in  press).  Thus  the  plasticity  required  for  vocal  learning  seems  to  be  related 
to  the  plasticity  required  for  reversal  of  hypoglossal  dominance. 

Brain  pathways  for  vocal  control 

Experimental  work  v/ith  Canaries  has  uncovered  a  number  of  discrete  brain  areas 
involved  in  vocal  control  (Nottebohm,  Stokes  &  Leonard,  1976).  Of  these,  the  highest 
vocal  control  Station  is  the  hyperstriatum  ventrale,  pars  caudale,  HVc.  HVc  projects  to  the 
robust  nucleus  of  the  archiastriatum,  RA,  which  in  turn  sends  a  direct  pathway  to  the 
caudal  half  of  the  hypoglossal  nucleus,  nXIIts.  Motor  neurons  in  nXIIts  innervate  the 
syringeal  musculature  via  the  tracheosyringeal  branch  of  the  hypoglossus  (Figure  1).  This 
innervation  too  is  strictly  ipsilateral.  We  do  not  know  yet  at  what  level  the  right  and  left 
efferent  pathways  integrate  their  output. 

Left  hemispheric  dominance  and  dominance  reversal 

A  canary  that  has  suffered  bilateral  destruction  of  HVc  is  rendered  aphonic.  He  adopts 
the  stance  and  dynamics  of  singmg  behavior,  but  not  a  sound  is  to  be  heard,  as  if  the  syrinx 
has  been  disengaged.  Such  a  bird  does  not  recover  its  voice  even  one  year  later.  By 
contrast,  unilateral  lesions  of  HVc  have  very  dissimilar  effects,  depending  on  side  affected. 
Lesions  of  left  HVc  have  a  profoundly  disorganizing  effect  on  the  song  of  adult  Canaries: 
virtually  all  syllable  types  and  phrase  structure  are  lost.  Comparable  lesions  of  right  HVc 
tend  to  spare  a  good  many  of  the  syllables  and  leave  phrase  stmcture  intact.  This  right-left 


Figure  1.  Schematic  drawing  of  the  saggital  section  of  a  Canary  brain  showing  relations  between  the 
auditory  projection  of  caudal  neostnatum  (field  L)  and  stations  of  the  efferent  pathway  contr^hng 
song.  Area  X  of  the  lobus  parolfactorius  receives  a  heavy  projection  (not  shown  heie)  trom  HVc, 
suggesting  that  the  function  of  area  X  is  somehow  related  to  vocal  behavior  (modified  from  Kelley  & 

Nottebohm,  in  press). 
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difference  is  also  reflected  in  unilateral  lesions  to  RA  (Nottebohm,  Stokes  &  Leonard, 
1976). 

Canaries  that  lost  their  left  HVc  as  adults  are  able  to  develop  a  new  song  repertoire 
under  right  HVc  and  right  hypoglossal  control.  When  early  section  of  the  left  tracheo- 
syringealis  leads  to  right  hypoglossal  dominance,  the  right  HVc  is  dominant  too.  In  such 
birds,  lesions  of  the  right  HVc  has  the  same  effect  on  song  as  lesion  of  the  left  one  in 
otherwise  intact  birds  (Nottebohm,  1977). 

Interfacing  with  auditory  pathways 

Vocal  learning  in  songbirds  relies  on  auditory  information.  Clearly,  efferent  pathways 
Controlling  song  must  have  access  to  auditory  information,  and  this  is  so.  Field  L,  the 
telencephalic  auditory  projection  sends  a  massive  projection  of  fibers  to  a  shelf  of  tissue 
closely  opposed  to  the  ventral  margin  of  HVc  (Figure  1).  We  do  not  know  yet  if  this 
projection  is  required  for  vocal  learning  (Kelley  &  Nottebohm,  in  press). 

15t  3.82 

Figure  2.  Volumes  occupied  by  four  neural 
regions  associated  with  vocal  behavior  in  male 
(N=5)  and  female  (N=5)  Canaries.  Fach  bar 
represents  the  mean  of  the  total  (right  plus  left) 
volumes  of  each  area  sampled,  and  the  vertical 
line  above  the  bar  is  the  Standard  deviation  of  the 
individual  values.  The  ratio  of  the  male  to  the 
female  mean  is  given  for  each  region  (modified 
from  Nottebohm  &  Arnold,  1976). 

Sexual  dimorphism 

In  most  songbirds  males  assume  the  major  responsibility  for  territorial  defense  and 
sexual  advertisement  and  it  is  in  males  that  song  is  particularly  well  developed.  Whereas 
adult  male  Canaries  have  complex  songs  with  20-40  different  syllable  types,  female  Canaries 
do  not  normally  produce  adult  male-type  song.  When  adult  female  Canaries  treated  with 
testosterone  sing  the  loud,  stable  song  typical  of  males,  they  include  in  their  song  only  a 
meagre  repertoire  of  4  or  5  different  syllable  types.  A  similar  Situation  occurs  in  Zebra 
Finches,  with  the  difference  that  in  this  species  testosterone  treatment  of  females  does  not 
yield  song.  Such  sexual  dimorphism  in  behavior  is  mirrored  in  the  efferent  pathways 
Controlling  song  (Figure  2).  In  Canaries  and  Zebra  Finches  HVc  and  RA  are  several  times 
larger  in  males  than  in  females,  and  this  difference  is  more  accentuated  in  Zebra  Finches 
than  in  Canaries.  These  anatomical  differences  between  the  sexes  may  be  expected  to 
reverberate  through  other  brain  Systems  not  directly  related  to  song.  Area  X  of  lobus 
parolfactorius,  which  receives  a  projection  from  HVc  is  large  and  clearly  recognizable  in 
male  Zebra  Finches,  yet  not  recognizable  at  all  in  females  (Nottebohm  &  Arnold,  1976). 
This  anatomical  dimorphism  of  the  brain  may  of  course  reflect  a  variety  of  influences.  Not 
only  are  males  and  females  genetically  different,  but  they  have  been  exposed  to  different 
hormonal  regimes  and  experiences.  The  contribution  of  each  of  these  variables  to  the 
observed  dimorphism  still  remains  to  be  determined. 
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The  influence  of  testosterone  on  song 

Male  songbirds  develop  song  under  the  influence  of  testosterone.  So,  for  example,  male 
Chaffmches  normally  acquire  their  adult  song  when  9—1 1  months  old,  but  can  be  induced 
to  do  so  at  6  months  of  age  if  at  that  time  they  are  treated  with  testosterone  (Thorpe, 
1958).  Conversely,  the  onset  of  spring  song  m  Chaffinches  can  be  delayed  by  castration  at 
6  months.  If  such  a  bird  then  receives  testosterone  at  2  years  of  age,  well  after  the  end  of 
the  critical  period  for  song  learnmg,  it  will  develop  a  song  that  matches  a  tutor  presented  at 
that  time  (Nottebohm,  1960). 

Male  Canaries  castrated  1-3  weeks  after  hatching  develop  subsong  and  varying  degrees 
of  plastic  song,  but  at  7  or  8  months  of  age  become  silent  and  for  the  duration  of  that  first 
breedmg  season  sing  httle  if  at  all,  m  marked  contrast  with  the  profuse  song  of  mtact  males 
of  similar  age.  This  observation  is  interesting  because  it  suggests  that  whereas  subsong  and 
plastic  song  can  develop  in  a  first  year  bird  in  the  absence  of  testosterone,  adult  song  is 
much  more  dependent  on  this  hormone  (unpublished  obs.). 

In  Zebra  Finches  normal  song  develops  in  intact  males  as  well  as  in  males  castrated  soon 
after  hatching  (Arnold,  1975  a).  However,  the  amount  of  singing  done  by  early  castrates 
or  by  birds  castrated  as  adults  is  very  much  dependent  on  the  presence  of  testosterone.  In 
this  species  castration  reduced  the  rate  of  singing  and  tempo  of  song,  though  it  does  not 
affect  the  structure  of  song  syllables  (Pröve,  1974;  Arnold,  1975  b). 

The  Syrinx  and  its  innervation  may  be  one  place  where  testosterone  exerts  its  effect  on 
song.  The  size  of  syrmgeal  muscles  is  markedly  smaller  m  mtact  male  Zebra  Finches  than 
in  castrates  (Arnold,  1974).  Motorneurons  innervating  these  same  syringeal  muscles 
concentrate  radioactive  label  following  systemic  injections  of  tritiated  testosterone 
(Arnold,  Nottebohm  &  Pfaff,  1976).  This  latter  observation  was  unexpected.  Until 
then  testosterone  had  been  usually  credited  with  exertmg  its  neural  effects  by  acting  at 
higher  brain  stations,  such  as  the  hypothalamus,  and  its  role  in  such  higher  brain  stations  is 
likely  to  be  very  important  in  triggenng  behavior.  But  what  could  be  the  significance  of 
testosterone  sensitivity  m  motorneurons?  I  hypothesized  that  its  role  there  was  one  of 
regulating  neurotransmitter  synthesis,  so  that  pathways  which  under  testosterone  (T) 
influence  received  more  signal  traffic  would  be  able  to  match  this  traffic  with  neurotrans¬ 
mitter  availability.  As  will  be  seen  below,  this  hypothesis  was  correct  in  focusing  attention 
on  neurotransmitter  related  processes,  though  possibly  wrong  in  the  exact  mechanism  it 
postulated. 

The  neurotransmitter  used  by  the  motorneurons  innervervating  the  syrinx  is  acetyl- 
choline.  In  joint  research  with  Victoria  Luine  (in  prep.),  we  looked  at  the  effects  of  T  on 
the  levels  of  two  enzymes:  choline  acetylase  (CAT),  responsible  for  acetylcholine 
synthesis;  and  acetylcholinesterase  (AChE),  responsible  for  decoupling  the  acetyl  and 
choline  moities  soon  after  released  into  the  neuromuscular  synaptic  cleft,  thus  ensuring 
that  synaptic  transmission  is  narrowly  defined  in  time.  Though  we  are  still  unclear  about 
the  variables  affecting  CAT  levels,  we  now  have  strong  evidence  that  the  levels  of  AChE 
are  T  dependent.  Four  weeks  after  castration  the  levels  of  AChE  in  the  syrinx  of  Zebra 
Finch  males  are  approximately  one  half  those  in  intacts.  This  difference  is  completely 
corrected  by  testosterone  therapy.  Interestingly,  a  comparison  of  the  levels  of  AChE  in  the 
left  and  right  halves  of  the  syrinx  of  Canary  males  indicates  that  whereas  the  left  has  894  ± 
63  10"^  M  of  AChE,  the  right  side  has  592  ±  52  10'^  M,  a  significant  difference  of  34%  (n 
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—  10).  This  difference  in  the  levels  of  AChE  between  the  two  sides  disappears  following 
castration,  the  left  and  right  syringeal  halves  showing,  respectively,  286  ±  33  and  256  ±  33 
IO-*"  M  of  AChE. 

We  do  not  yet  know  wether  the  effects  of  T  on  AChE  result  from  direct  effects  of  T  on 
syringeal  muscle  or  motorneurons.  Joint  work  with  Ivan  Lieberburg  (in  prep.)  indicates 
that  the  syrinx  itself  has  an  unusually  high  concentration  of  T-specific  receptors.  The 
presence  of  high  affinity  T  receptors  in  the  syrinx,  the  occurrence  of  T  dependent  changes 
in  AChE  activity  in  syringeal  muscle,  and  the  concentration  of  label  in  the  nucleus  of 
hypoglossal  motorneurons  following  ^H-T  systemic  injections  suggest  T  acts  on  both 
muscle  and  motorneuron  via  classic  genomic  mechanisms.  The  difference  in  AChE  levels 
between  the  right  and  left  syringeal  halves  suggests  that  on  top  of  these  genomic  effects 
there  may  also  be  an  effect  of  use  and  disuse,  as  suggested  also  by  right-left  differences  in 
muscle  mass.  The  problem  ahead  is  to  tease  appart  and  understand  these  interactions 
between  use  and  disuse  and  genomic  effectiveness  of  T. 


Conclusion 

This  review  has  highlighted  some  aspects  of  recent  work  on  the  neureothology  of 
birdsong.  It  has  been  my  purpose  to  emphasize  a  progression  of  Steps,  from  the  behavioral 
Problems  themselves  -  selectivity  in  song  learning;  occurrence  of  motor  learning; 
hemispheric  dominance;critical  periods  for  song  learning; sex  dependent  song  learning  -  to 
the  brain  pathways  Controlling  vocal  behavior,  finally  to  molecular  events  related  to  the 
manifestion  of  song.  The  relation  between  Information  at  these  various  levels  is  still 
disappointingly  indirect,  but  the  path  to  follow  seems  open  and  full  of  promise.  The 
greatest  challenge,  perhaps,  is  to  identify  and  relate  neural  changes  induced  by  hormone 
effects,  by  use  and  disuse  and  by  learning.  The  vocal  control  pathways  of  the  songbird 
brain  seem  propitious  material! 
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Anatomical  and  Electrophysiological  Studies  of  Sexual  Dimorphism 
in  a  Passerine  Vocal  Control  System 

Arthur  P.  Arnold 

Song  in  passerine  birds  is  often  the  prerogative  of  the  male  and  is  frequendy  associated 
with  other  reproductive  behaviors.  Females  sing  litde  or  not  at  all  in  some  species.  The 
experiments  reviewed  in  this  paper  were  undertaken  to  determine  the  physiological 
processes  which  underlie  this  difference  in  behavior. 

Zebra  Finch  es  (Poephila  guttata)  were  selected  as  a  convenient  laboratory  species.  Male 
Zebra  Finches  sing  a  quiet  courtship  song  which  is  frequendy  directed  at  the  female. 
Females  do  not  sing.  Castration  of  males  substantially  reduces  the  numbers  of  songs  sung 
but  does  not  abolish  song  (Arnold,  1974,  1975;  Pröve,  1974)  and  replacement  therapy 
with  injections  of  testosterone  propionate  reverses  the  effects  of  castration.  However, 
females  cannot  be  induced  to  sing,  even  when  implanted  or  injected  with  testosterone 
propionate  at  doses  which  are  effective  in  restoring  full  singing  in  castrate  males  (Arnold, 
1974  and  unpublished.) 

In  Order  to  determine  the  physiological  basis  for  the  sexual  difference  in  behavior,  one 
must  have  some  knowledge  of  the  neural  and  hormonal  basis  for  song  in  the  male. 
Nottebohm  and  his  colleagues  have  discovered  a  series  of  anatomically  discrete  regions  in 
the  brain  of  Canaries  (Serinus  canarius)  which  form  the  main  portion  of  the  song  control 
System  (Nottebohm,  et  al.  1976).  Lesions  in  several  of  these  areas  produce  deficits  in 
song,  and  these  regions  are  interconnected  and  have  a  descending  projection  to  the 
motoneurons  Controlling  the  syrinx  (summarized  schematically  in  Figure  1).  The  caudal 
nucleus  of  the  hyperstriatum  ventrale  (HVc)  projects  to  the  robust  nucleus  (RA)  of  the 
archistriatum,  which  in  turn  projects  to  the  syringeal  motoneurons  (nXIIts).  HVc  also 
projects  to  Area  X  of  the  lobus  parolfactorius,  and  RA  sends  axons  to  synapse  in  nucleus 
intercollicularis  (ICo)  in  the  midbrain.  Stimulation  of  ICo  in  many  bird  species  elicits 
vocalization  (e.g.  Phillips  &  Peek,  1975).  Recently,  anatomical  evidence  reveals  projec- 
tions  of  the  magnocellular  nucleus  of  the  neostriatum  (MAN)  to  both  HVc  and  RA 
(Nottebohm  &  Kelley,  1978  in  press,  not  shown  in  Figure  1). 

Zebra  Finches  also  possess  all  of  these  neuronal  regions,  and  electrophysiological 
experiments  indicate  that  they  project  directly  or  indirectly  to  the  motoneurons  Controll¬ 
ing  the  syrinx.  In  these  experiments,  I  recorded  electromyographic  (EMG)  responses  in 
the  ventral  intrinsic  syringeal  muscles  while  stimulating  in  the  brain  with  trains  of  0.3 
millisecond  cathodal  pulses  at  500  Hertz,  using  small,  glass-insulated  tungsten  micro- 
electrodes.  Such  microstimulation  allows  fine  grained  localization  of  sites  which  are 
involved  in  control  of  syringeal  muscles.  Very  low  threshold  Stimulation  in  HVc,  RA,  and 
Area  X,  produces  contraction  of  the  ipsilateral  syringeal  muscles.  For  example,  Stimulation 
of  right  or  left  HVc  with  a  train  of  four  pulses  evokes  ipsilateral  syringeal  EMG  responses 
at  thresholds  a  low  as  1.0  microampere  or  less  (latencies  about  20-25  milliseconds). 
Minimum  thresholds  in  other  areas  were  at  least  as  low  as  5  microamperes.  Since  these 
currents  activate  extremely  limited  regions  of  neural  tissue,  this  suggests  a  dense  indirect 
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projection  from  these  areas  to  the  ipsilateral  syringeal  muscles.  Contralateral  EMG 
responses  were  occasionally  observed  in  response  to  higher  threshold  Stimulation,  at  about 
5-20  times  threshold  for  the  ipsilateral  response,  suggesting  a  much  less  dense  contralateral 
projection. 


SYRINX 


Figure  1.  Brain  regions  in- 
volved  in  song  control  are 
shown  schematically  together 
with  the  pattem  of  anatomical 
projections  (arrows)  discover- 
ed  in  the  Canary  by  Notte- 
BOHM  et  al.  (1976).  Black  dots 
indicate  the  presence  of  cells 
which  concentrate  testostero- 
ne  or  its  metabolites  in  the 
Zebra  Finch  (Arnold  et  ah, 
1976;  Arnold  &  Saltiel,  in 
preparation).  The  number  of 
dots  is  not  necessarily  pro¬ 
portional  to  the  number  of 
hormone-concentrating  cells 
in  each  area,  but  is  meant  to 
indicate  presence  or  absence 
of  labelled  cells.  A  cell  is  con- 
sidered  to  be  labelled  if  the 
number  of  silver  grains  over 
the  cell  body  reaches  a  crite- 
rion  of  five  times  the  density 
over  adjacent  neuropil.  Since 
the  accumulation  of  radioacti- 
vity  m  female  MAN  did  not 
reach  this  criterion,  no  label¬ 
led  cells  are  indicated. 


Since  song  in  Zebra  Finch  es  is  affected  by  androgens  secreted  by  the  testis,  it  would 
seem  likely  that  the  effects  of  androgen  on  song  might  be  mediated,  at  least  in  part,  by 
androgen  influences  on  neurons  which  control  song.  There  is  now  a  large  literature  on 
mammals  and  other  vertebrates  which  indicates  that  steroid  hormones  are  accumulated 
specifically  by  cells  in  brain  regions  involved  in  behavioral  and  neuroendocrine  events 
which  are  mediated  by  the  hormone  in  question  (e.g.,  McEwen,  et  al.  1974).  The 
autoradiographic  method  allows  one  to  localize  such  cells.  It  is  quite  likely  that  the 
function  of  neurons  which  selectively  accumulate  the  hormone  is  altered  by  the  hormone, 
and  thus  the  autoradiographic  method  is  a  logical  first  Step  to  determine  where  androgens 
act  to  mfluence  song.  ^JC^e  used  this  method  with  mjections  of  ladioactive  testosteione  mto 
castrated  adult  male  Zebra  Finches  (Arnold  et  al.  1976).  Testosterone  or  its  metabolites 
were  accumulated  in  neurons  in  MAN,  HVc,  ICo,  and  the  syringeal  motor  nucleus 
(nXIIts)  (Figure  1).  The  labelling  of  these  cells  is  blocked  by  preinjection  with  non- 
radioactive  testosterone,  thus  demonstrating  that  the  accumulation  mechanism  is  of  limited 
capacity  (Arnold,  unpubhshed).  Other  areas  of  the  brain  contammg  hormone-concentiat- 
ing  cells  were  the  medial  preoptic  area,  periventricular  magnocellular  nucleus  of  the 
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anterior  Hypothalamus,  the  infundibular  region  of  the  posterior  Hypothalamus,  and  the 
lateral  septum.  The  possible  involvement  of  these  other  neural  regions  in  song  control 
cannot  be  excluded,  especially  in  light  of  the  implication  of  the  preoptic  area  and  anterior 
Hypothalamus  in  courtship  behavior  in  other  avian  and  vertebrate  species  (Hutchison, 
1976). 

Several  aspects  of  these  autoradiographic  data  are  worth  emphasizing.  First  of  all,  these 
data  imply  that  Steroid  hormones  do  not  bring  about  a  change  in  behavior  by  acting  at  one 
or  two  restricted  brain  areas.  Rath  er,  it  would  appear  that  they  may  act  at  many  levels  in 
the  song  control  network,  possibly  producing  selective  changes  at  each,  to  modulate 
singing  behavior.  Secondly,  the  concentration  of  Hormone  by  the  syringeal  motoneurons 
suggests  that  at  least  part  of  androgen’s  effect  on  singing  is  exerted  by  alterations  in  the 
function  of  the  final  common  path,  through  which  all  descending  neuronal  elements  exert 
their  effects  on  song.  This  raises  the  intriguing  question  of  how  these  motoneuronal  effects 
can  exist  and  yet  only  alter  certain  parameters  in  the  behavior.  Finally,  the  accumulation  of 
Hormone  by  cells  in  telencephalic  song  areas  (MAN,  HVc)  is  not  predicted  by  the 
phylogenetically  conservative  pattem  of  Steroid  accumulation  in  limbic  areas  of  other 
vertebrates  (Morrell  et  al.  1975). 

The  autoradiographic  experiments  suggest  that  androgens  act  centrally,  on  the  brain,  to 
exert  some  influences  on  song,  but  it  is  also  important  to  consider  the  possibility  that  they 
might  have  important  peripheral  actions,  for  example  on  the  syrinx.  This  appears  to  be  the 
case.  Castration  of  adult  males  causes  a  substantial  decrease  in  the  size  of  syringeal 
muscles,  and  androgen  replacement  reverses  this  decline  (Arnold,  1974).  Autoradio¬ 
graphic  experiments  show  accumulation  of  testosterone  or  its  metabolites  by  syringeal 
muscles  (Arnold,  in  preparation).  Therefore,  it  is  likely  that  androgens  have  a  direct 
effect  on  the  syrinx.  This  conclusion  further  substantiates  the  view  that  androgenic 
influences  on  song  are  exerted  at  many  levels  (both  neural  and  muscular)  in  the  song 
control  System. 

To  explain  the  difference  in  vocal  behavior  between  male  and  female  Zebra  Finches,  we 
have  looked  for  various  anatomical  and  physiological  differences  between  the  sexes.  The 
most  striking  difference  was  reported  by  Nottebohm  &  Arnold  (1976).  Five  neural 
regions  thought  to  be  related  to  song  control  (HVc,  RA,  Area  X,  and  nXIIts)  are  markedly 
smaller  in  volume  in  female  Zebra  Finches  than  in  males.  This  suggested  that  the  female’s 
inability  to  sing  was  a  result  of  the  small  size  of  the  brain  regions  Controlling  song.  This 
Suggestion  is  strengthened  when  one  considers  the  sexual  difference  in  volume  of  song 
regions  in  Canaries.  Female  Canaries  are  unlike  female  Zebra  Finches  in  that  they  do  sing 
when  given  androgens.  The  yolumes  of  their  song  areas  are  correspondingly  larger  (when 
expressed  as  a  percentage  of  the  size  of  male  song  areas)  than  those  of  female  Zebra 
Finches.  Thus  the  ability  to  sing  and  volume  of  song  areas  are  correlated. 

Is  the  sexual  dimorphism  in  volume  of  these  brain  areas  a  result  of  sex  differences  in 
circulating  Hormone  levels,  or  is  it  independent  of  these,  suggesting  an  irreversible  sexual 
difference  which  might  be  determined  early  in  development?  To  evaluate  the  first  part  of 
this  question,  I  compared  volumes  of  song  areas  in  intact  and  castrate  adult  male  Zebra 
Finches,  and  in  intact  females  and  females  injected  with  large  doses  (200  microgram  per 
day)  of  testosterone  propionate  for  three  weeks.  Castration  did  not  reduce  the  volume  of 
song  areas  in  males,  nor  did  androgen  administration  change  the  volumes  in  females. 
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Is  the  vast  difference  in  size  of  these  areas  also  accompanied  by  differences  in  function, 
or  are  the  female  areas  just  smaller  equivalents  of  the  male  areas?  Electrophysiological 
experiments  show  that  microstimulation  in  HVc  in  females  also  elicits  ipsdateral  syrmgeal 
contractions,  so  that  this  area  does  have  indirect  projections  to  the  syringeal  muscles  as  in 
the  male.  However,  the  parameters  of  Stimulation  are  different.  Longer  pulse  trains  are 
required  to  produce  a  response  (for  mmimum  thresholds  one  needs  to  apply  4—5  pulses  m 
the  male,  and  about  10  pulses  in  the  female  at  the  Stimulation  parameters  indicated  above), 
thresholds  are  typically  higher  in  females,  and  the  latency  of  response  is  longer  (about 
30-40  milliseconds).  These  differences  indicate  that  although  there  is  a  pathway  between 
the  female  HVc  and  syrinx,  definite  functional  differences  exist  between  the  female  and 
male  HVc. 

In  addition  to  these  anatomical  and  functional  differences  in  the  male  and  female  brain, 
there  appears  to  be  a  sex  difference  in  the  sensitivity  of  some  neurons  to  hormones,  as 
implied  by  autoradiographic  evidence.  After  injection  of  radioactive  testosterone  into  adult 
ovariectomized  females,  one  sees  accumulation  of  hormone  m  only  some  of  the  same 
neural  regions  as  in  males  (Arnold  &  Saltiel,  in  preparation).  In  ICo  and  the  syrmgeal 
motoneurons,  the  distributions  of  labelled  cells  is  comparable  to  that  m  males.  Similarly,  m 
some  areas  outside  the  song  control  network  per  se  (preotic  area,  periventricular 
magnocellular  nucleus  of  the  hypothalamus,  infundibular  region),  the  pattem  of  labelled 
cells  is  similar  in  males  and  females.  But  in  two  song  regions,  HVc  and  MAN,  there  is  less 
accumulation  m  females.  In  female  HVc,  only  an  occasional  labelled  cell  is  seen,  and  this 
may  well  reflect  the  very  small  size  of  this  nucleus  in  females.  There  are  likely  to  be  many 
fewer  cells  in  the  female  HVc  in  general,  and  hence  many  fewer  hormone-concentratmg 
cells.  In  the  female  MAN,  cells  accumulate  only  small  amounts  of  radioactivity,  m  marked 
contrast  to  the  rather  heavily  labelled  cells  in  the  male  (Figure  1).  There  is  a  difference  in 
the  amount  of  hormone  accumulated  per  cell,  and  this  cannot  be  a  simple  reflection  of  a 
general  absence  of  MAN  cells  in  the  female.  Rather,  it  suggests  that  some  aspect  of  the 
hormone  accumulation  process  in  cells  of  MAN  differs  m  the  two  sex  es.  It  could  be  argued 
that  the  sex  difference  may  not  be  specific  to  MAN  cells,  since  (for  example)  a  general  sex 
difference  in  the  accessibility  of  the  brain  to  the  circulating  hormones  could  account  for  a 
lack  of  accumulation  m  females.  However,  this  is  an  unlikely  explanation,  smce  the 
hormone  reaches  other  brain  regions  (ICo,  nXIIts,  etc.)  and  is  accumulated  in  comparable 
fashion  in  both  males  and  females.  Thus,  the  sex  difference  is  in  accumulation  in  MAN 
relative  to  other  brain  regions. 

Besides  the  various  sex  differences  m  brain,  there  is  also  a  sexual  dimoiphism  m 
syringeal  structure.  Syrmgeal  dimorphisms  exist  m  a  number  of  avian  species  (Häcker, 
1900;  Warner,  1971).  In  female  Zebra  Finches,  the  intrinsic  syringeal  muscles  are  much 
thinner  than  those  in  males  (Arnold,  1974).  Administration  of  androgens  causes  the 
female  syringeal  muscles  to  grow,  but  they  do  not  attain  the  size  of  males’.  Therefore  it 
appears  that  sexual  differentiation  of  the  song  control  System  is  not  limited  to  the  neural 

level. 

We  do  not  know  yet  what  factors  during  development  of  Zebra  Finches  are  responsible 
for  the  sexual  differentiation  of  the  brain  and  syrinx.  In  domestic  ducks,  syrmgeal 
morphology  is  affected  by  the  presence  or  absence  of  the  ovary  during  embryonic 
development  (Witschi,  1961).  Similarly  there  is  evidence  that  sexual  differences  m 
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behavior  of  quail  are  determined  by  organizational  effects  of  gonadal  Steroids  during 
embryonic  growth  (Adkins,  1975).  Whether  the  sexual  differences  in  the  vocal  control 
System  of  Zebra  Finches  are  similarly  determined  is  an  interesting  question  for  future 
study. 
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Functional  Lateralisation  in  the  Chicken  Fore-Brain  Revealed  by 

Cycloheximide  Treatment 

Lesley  J.  Rogers 
Introduction 

Hemispheric  specialisation  was  first  identified  in  the  human  brain,  where  speech  was 
found  to  be  located  in  the  left  cerebral  hemisphere  (see  Geschwind,  1974).  Subsequent 
studies  on  split-brain  patients  and  subjects  tested  after  injection  of  an  anaesthetic  into  one 
or  other  of  the  two  carotid  arteries  demonstrated  functional  lateralisation  of  many  other 
behaviours  in  the  human  brain  (Bogen  &  Gazzaniga,  1965;  Bogen  &  Gordon,  1971). 
To  put  it  simply,  in  most  people  the  left  hemisphere  talks,  writes,  performs  mathematical 
calculations,  and  thinks  in  a  logical,  serial  manner,  while  the  right  hemisphere  recognises 
shapes  and  faces,  appreciates  music,  and  is  more  concerned  with  nonverbal  ideation. 

Lateralisation  was  thought  to  have  developed  as  a  concomitant  of  language,  still  believed 
by  many  to  be  a  purely  human  attnbute.  While  there  is  considerable  Information  about 
lateralised  brain  function  in  humans,  until  recently  no  equally  convincing  evidence  for 
lateralisation  was  available  for  any  other  species.  This  was  presumably  because  its 
demonstration  requires  sensitive  behavioural  tests. 

But  functional  lateralisation  has  now  been  found  in  the  avian  brain.  Nottebohm  (1977) 
has  shown  that  the  left  hemisphere  of  Ganaries  exerts  a  dominant  control  over  vocal 
behaviour.  Although  there  has  been  speculation  about  the  similarities  between  language 
and  bird-song,  the  left  side  localisation  described  for  humans  and  Ganaries  may  be 
coincidental.  However,  the  very  fact  that  such  unilateral  specialisation  exists  leads  one  to 
question  whether  it  is  associated  only  with  language  and  song,  or  wheather  it  is  a  more 
common  phenomenon,  both  with  respect  to  the  number  of  species  in  which  it  occurs  and 
the  number  of  different  behaviours  which  are  lateralised.  It  has  been  possible  to 
demonstrate  that  a  number  of  behaviours  in  young  domestic  fowl  chicks  are  controlled 
more  effectively  by  one  hemisphere  than  by  the  other.  The  relevant  experiments,  which 
used  the  drug  cycloheximide  to  modify  brain  function,  are  reviewed  in  this  chapter. 

Cycloheximide’s  effects  on  behaviour 

First,  it  is  necessary  to  explain  how  the  drug  affects  behaviour.  Cycloheximide  is  an 
antibiotic  which  blocks  mammalian  ribosomal  protein  synthesis.  Its  use  previously 
demonstrated  the  protein  basis  of  long-term  memory  formation  (Mark  &  Watts,  1971), 
and  more  recently,  it  has  been  found  to  affect  other  behaviours.  When  administered 
intracranially  to  chickens  in  their  first  week  of  post-hatched  life,  not  only  did  it  block 
long-term  memory  formation  of  events  occurring  around  the  time  of  injection,  but  it  also 
permanently  rendered  the  chicks  incapable  of  learning  at  their  normal  rate.  It  has  now  been 
well  established  that,  if  a  single  20 //g  dose  of  cycloheximide  in  25 /il  of  sterile  0.9%  sahne 
is  administered  into  each  side  of  the  chicken  fore-brain  at  any  time  between  days  2  and  10 
of  life,  the  rate  of  learning  a  visual  discrimination  task  and  a  visual  habituation  task  will  be 
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significantly  slower  than  that  found  for  control  animals  treated  with  saline  alone.  The  same 
dose  of  cycloheximide  also  slows  learning  of  an  auditory  Habituation  task,  but  the  sensitive 
period  for  this  occurs  at  an  earlier  time,  from  immediately  after  hatching  to  day  3  of  life 
(Rogers  et  ah,  1974). 

The  visual  discrimination  learning  task  requires  a  chick,  deprived  of  food  for  3  hours,  to 
search  for  grains  of  chick  mash  scattered  randomly  over  a  background  of  small  pebbles, 
which  have  been  stuck  down  to  the  floor.  The  grains  differ  from  the  pebbles  in  brightness 
and  texture,  but  not  in  their  ranges  of  shape,  colour  or  size.  Pecking  commences  without 
discrimination  being  made  between  grain  and  pebbles.  The  choice  of  each  peck  is  scored  by 
observation,  and  the  numbers  of  errors  in  each  of  three  blocks  of  20  pecks  are  used  to 
generate  a  learning  curve.  Within  the  total  number  of  60  pecks  allowed,  control  chicks 
learn  to  discriminate  grain  from  pebbles.  By  the  last  block  of  20  pecks  a  control  group 
makes  a  mean  of  2  or  3  errors,  while  a  group  which  has  received  cycloheximide  still  makes 
a  mean  of  10  errors.  Thus,  the  number  of  errors  in  the  last  20  pecks  can  be  taken  as  a 
measure  of  learning  rate.  The  test  was  applied  to  groups  of  animals  injected  on  day  2  after 
hatching  and  tested  at  ages  ranging  from  5  days  to  20  weeks;  in  the  cycloheximide-treated 
animals  the  same  amount  of  learning  retardation  was  found  to  be  present  at  these  various 
ages.  Cycloheximide  slows  learning  rate,  but  it  does  not  prevent  learning.  If  treated 
animals  are  allowed  more  experience  on  pecking  discrimination,  eventually  their 
performance  will  reach  a  criterion  equal  to  that  of  Controls.  Thereafter  they  can  perform 
this  discrimination  under  various  reduced  light  intensities  as  well  as  can  control  groups. 
This  suggests  that  the  defect  is  in  learning,  rather  than  visual  perception. 

Visual  Habituation  rate  is  measured  by  placing  a  novel  visual  Stimulus  (a  torch  battery)  in 
the  home  cage,  and  scoring  the  amount  of  time  the  chick  spends  silently  fixating  it  on  each 
of  four  successive  presentations.  The  visual  fixation  is  made  using  the  lateral  field  of  vision. 
The  end  of  the  fixation  period  is  marked  by  rapid  moving  away  from  the  frightening  novel 
Stimulus,  usually  jumping  to  escape  from  the  home  cage  containing  it.  Control  animals 
show  a  decreasing  amount  of  fixation  time  with  each  presentation,  and,  by  the  fourth 
presentation,  are  found  to  fixate  the  Stimulus  for  significantly  less  time  than  are  the 
cycloheximide-treated  animals.  The  mean  fixation  times  for  the  fourth  presentation  in  such 
an  experiment  were  10  ±  3  seconds  for  Controls  and  29  ±  6  seconds  for  a  treated  group 
(.002  <  P  <  .02,  2-tailed  Mann-Whitney  U  test). 

Control  chickens,  tested  for  auditory  Habituation  in  the  second  week  of  life,  cease  to 
Orient  to  an  auditory  Stimulus  (a  banging  sound)  after  about  4-7  presentations.  Cyclo¬ 
heximide  treatment  markedly  delays  Habituation  of  the  response  which  persists  for  2  to  3 
times  as  many  presentations.  These  effects  of  cycloheximide  on  auditory  and  visual 
learning  are  found  to  be  still  present  in  adulthood. 

In  addition  to  its  effect  on  learning,  cycloheximide  alters  attention,  such  that  there  is  less 
Switching  of  attention  from  one  Stimulus  to  another.  A  similar  state  of  ‘attentional 
persistence’  is  produced  by  testosterone  treatment  (Rogers,  1974).  One  way  to  measure  it 
is  to  record  pecking  for  red  and  yellow  food  grains  scattered  over  a  background  of  small 
pebbles,  and  then  to  calculate  the  run  lengths  of  pecking  on  each  colour  of  food.  In  the  first 
100  pecks,  the  mean  run  length  on  red  food  was  found  to  be  5  for  a  group  of  Controls,  as 
compared  to  20  for  a  treated  group  (P  <  .005,  2-tailed  Mann-Whitney  U-test).  And  the 
mean  for  the  number  of  runs  on  each  Stimulus  type  for  the  first  100  pecks  was  5  for  the 
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cycloheximide-treated  group,  compared  to  13  for  the  control  (.002  <  P  <  .02,  2  tailed 
Mann-Whitney  U-test). 

A  most  important  aspect  of  cycloheximide’s  action  is  that  visual  and  auditory  input  must 
be  received  by  the  chick  for  at  least  3  hours  immediately  after  injection  on  day  2  if  there  is 
to  be  retardation  of  learning  visual  and  auditory  tasks.  If  auditory  mput  is  considerably 
reduced  during  this  period  but  visual  input  remains  unaltered,  treated  chicks  will  be  slow 
in  learning  visual  tasks,  but  they  will  be  protected  from  the  drug’s  action  on  auditory 
learning.  Chickens  which  are  kept  in  darkness  for  3  hours  with  normal  auditory  input  are 
subsequently  slow  at  learning  auditory,  but  not  visual  tasks.  Complete  absence  of  visual 
input  is  not  essential  for  protection  from  the  drug’s  effect  on  visual  learning.  Protection 
also  occurs,  for  example,  if  the  chicken  views  parallel  or  other  non-intersecting  lines 
presented  in  the  frontal  field,  and  spots  or  crosses  in  the  peripheral  field.  Spots  or 
intersecting  lines  viewed  m  the  frontal  field  do,  however,  result  m  slowed  visual  learning. 
The  pattem  of  visual  input  associated  with  cycloheximide’s  effect  on  visual  learning  is 
therefore  very  specific  (Rogers  &  Drennen,  1978). 

No  obvious  lesion  or  cell  degeneration  was  observed  by  light  microscopy  either  one  day 
or  14  days  after  cycloheximide  treatment  (Rogers  et  ah,  1974). 

Use  of  cycloheximide  to  demonstrate  lateralisation 

Cycloheximide,  20 /tg  dissolved  in  25  ji\  of  sterile  physiological  sahne,  was  injected  into 
either  the  right  or  the  left  side  of  the  chicken  forebrain  on  day  2  of  post-hatched  life.  The 
contralateral  side  was  injected  with  the  vehicle  alone,  and  a  control  group  received  sahne 
into  both  sides.  These  injections  were  made  symmetrically,  the  entry  point  for  the  needle 
being  approxiamately  2  mm  from  the  midiine  and  equidistant  from  the  rostral  and  caudal 
poles  of  the  hemisphere  and  the  dp  of  the  needle  3  mm  from  the  top  of  the  skull.  In  their 
second  week  of  life  the  chickens  were  tested  monocularly  on  the  visual  discrimination  and 
habituation  tasks,  and  auditory  habituation  was  tested  binaurally. 

Three  treatment  groups  of  chicks  were  tested  successively  for  visual  discrimination 
learning,  visual  habituation,  visual  detection  and  auditory  habituation.  The  three  groups 
were:  1)  saline  in  both  hemispheres;  2)  right  side  sahne,  left  side  cycloheximide;  3)  right 
side  cycloheximide,  left  side  saline.  There  were  a  total  of  48  chicks  and  therefore  16  in  each 
treatment  group.  Where  monocular  testing  was  possible  these  were  subdivided  to  give  six 
groups,  each  containing  8  animals  and  constituted  by  having  right  or  left-eye  occluded 
chicks  in  each  of  the  3  conditions. 

There  is  a  complete  decussation  of  optic  nerve  fibres  in  the  avian  brain.  Visual  input  can 
be  restricted  to  the  right  or  left  tectum  by  occluding  the  opposite  eye.  Each  tectum,  in 
turn,  sends  its  major  visual  projection  to  the  ipsilateral  telencephalon. 

Visual  Discrimination  Learning. 

Learning  rate  of  the  visual  discrimination  task,  as  indicated  by  the  number  of  errors  m 
the  last  20  pecks,  is  presented  in  Figure  1.  When  the  chicks  were  tested  with  their  left  eyes 
occluded,  learning  occurred  if  the  right  side  of  the  forebrain  was  treated  with  either  saline  or 
cycloheximide.  But,  when  the  left  side  had  been  tieated  with  the  drug,  no  learning 
occurred.  With  the  right  eye  occluded,  learning  occured  in  control  chicks  which  had  been 
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treated  with  saline  on  both  sides  of  the  brain,  but  it  did  not  occur  in  those  that  had  been 
treated  with  the  drug  in  either  the  right  or  the  left  side  of  the  fore-brain. 

Thus,  the  left  side  of  the  brain  appears  to  be  able  to  perform  visual  discrimination 
learning  independently  of  the  right,  but  the  right  side  cannot  do  so  without  the  left. 

This  lateralisation  of  learning  ability  is  also  apparent  in  the  Controls  which  have  received 
bilateral  injections  of  saline;  those  tested  with  the  right  eye  occluded  learned  significantly 
more  slowly  than  their  counterparts  tested  with  the  left  eye  occluded. 


UNILATERAL  VISUAL  DISCRIMINATION 


Figure  1.  Rate  of  learning  on  the  visual  discrimination  task  is  indicated  by  the  number  of  errors, 
pecks  at  pebbles,  in  the  last  20  pecks  of  testing.  Slower  learning  gives  higher  values.  Means  and 
Standard  errors  are  plotted  for  6  groups,  each  containing  8  animals.  The  pairs  of  circles  underneath 
represent  each  side  of  the  fore-brain;  an  open  circle  means  that  that  side  was  injected  with  saline,  and  a 
black  circle  means  that  side  received  cycloheximide.  The  arrows  indicate  which  side  was  largely  in  use 
during  testing,  e.  g.  an  arrow  to  the  left  side  means  that  the  left  eye  was  occluded,  and  vice  versa. 
Mann- Whitney  U  tests  have  been  applied  between  each  group  and  every  other  group.  Significant  P 

values  are  given  at  the  bottom  of  the  figure. 


Visual  Habituation. 

Cycloheximide  treatment  applied  to  either  the  right  or  left  side  of  the  fore-brain  had  no 
differential  effects  on  the  rate  of  monocular  visual  habituation,  regardless  of  the  eye  used 
during  the  test.  On  the  fourth  presentation  of  the  novel  visual  Stimulus,  the  treated  groups 
oriented  to  it  for  times  no  longer  than  the  control  group,  indicating  that  visual  habituation 
learning  can  occur  in  either  hemisphere,  or  alternatively  that  it  occurs  at  a  site  below  the 
forebrain.  It  should  be  noted  that  the  visual  habituation  task  uses  the  lateral,  peripheral 
field  of  vision;  whereas  the  visual  discrimination  task  uses  frontal,  binocular  vision.  This 
may  provide  one  possible  explanation  why  visual  discrimination  learning  is  asymmetrically 
localized  and  visual  habituation  is  not. 

Those  animals  in  the  group  treated  on  the  left  side  and  tested  either  binocularly  or  with 
the  right  eye  occluded  were  found  to  Orient  to  the  novel  Stimulus  on  its  first  presentation 
for  a  significantly  longer  time  than  any  other  group.  This  suggests  that  the  right 
hemisphere  is  somewhat  more  responsive  than  the  left  to  novelty  when  the  chick  first 
detects  it,  a  finding  supported  by  tests  for  visual  detection. 
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Visual  Detection . 

The  right  side  of  the  brain  was  somewhat  more  responsive  to  small  novel  Stimuli 
detected  in  the  peripheral  field  of  vision.  While  the  chick  was  feeding  novel  objects  were 
simultaneously  moved  into  each  peripheral  field  of  vision.  Control  animals  had  a 
somewhat  greater  tendency  to  turn  towards  objects  detected  by  the  left  eye.  (The 
preference  for  left  eye  response  over  right  eye  response  was  2:1.)  This  result  is  suggestive 
of  the  right  hemisphere  being  more  mvolved  with  response  to  novelty  than  is  the  left 
hemisphere,  but  further  study  is  necessary. 

Auditory  Habituation. 

Chickens  treated  with  cycloheximide  on  the  right  side  of  the  brain  habituated  to  an 
auditory  Stimulus  (a  banging  sound)  at  the  same  rate  as  Controls;  in  9.0  ±  2.0  (mean  ±  S.E) 
presentations  for  the  treated  group,  compared  to  9.7  ±2.1  for  Controls.  But  those  treated 
on  the  left  side  required  significantly  more  presentations  to  habituate;  18.0  ±  2.0 
presentations,  P  <  002;  2-tailed  Mann-Whitney  U  test.  Auditory  habituation  learning 
must  therefore  occur  more  readily  in  the  left  side  of  the  fore-brain. 

Attentional  Persistence. 

Attentional  persistence  was  tested  binocularly  on  the  task  with  red  and  yellow  food 
scattered  on  a  back-ground  of  small  red  pebbles.  There  were  three  groups  of  chicks  each 
containing  12  animals;  one  injected  with  saline  in  the  left  hemisphere  and  cycloheximide  in 
the  right,  another  with  the  converse  treatment,  and  a  control  group  treated  with  saline  on 
both  sides.  The  number  of  runs  of  pecking  on  each  Stimulus  type  for  the  first  100  pecks  of 
the  test  was  scored.  The  mean  run  length  on  red  food  for  the  group  treated  with 
cycloheximide  in  the  left  hemisphere  was  51  ±  10  (Standard  error),  and  this  was 
significantly  above  the  mean  value  of  22  ±  7  for  the  saline  control  group  (.002  <  P  <  .02, 
2-tailed,  Mann- Whitney  U  test).-'  The  mean  run  length  on  red  food  for  the  group 
injected  with  cycloheximide  on  the  right  side  was  29  ±  9  which  did  not  differ  from  the 
score  for  the  control  group.  Therefore,  the  group  treated  with  cycloheximide  in  the  left 
hemisphere  is  switching  between  the  available  Stimuli  less  often  than  the  other  two  groups. 
This  is  the  same  kind  of  attentional  persistence  found  previously  to  occur  after  bilateral 
treatment  with  cycloheximide,  and  so  this  action  of  the  drug  is  localised  in  the  left 
hemisphere. 

Attack  and  Copulation  Behaviour. 

The  chickens  treated  in  the  left  side  of  the  fore-brain  were  noticed  to  have  an  increased 
likelihood  of  attacking  or  copulating  with  the  experimenter’s  hand  or  the  novel  visual 
Stimulus.  This  was  studied  using  Standard  Hand  Thrust  Tests  for  attack  and  copulation 
(Andrew,  1975)  which  rank  attack  and  copulation  scores  from  1  to  10.  For  attack  a  score 
of  1  is  given  for  binocular  staring  at  the  attack  Stimulus,  a  hand  moving  at  beak  level,  and  a 
maximal  score  of  10  is  given  for  attack-leaping  at  the  hand  with  neck  arched,  hackles  up 


=■•  The  experimental  and  control  values  for  mean  run  length  on  red  food  reported  here  are  higher  than  those  reported 
above.  This  happens  because  of  batch  variations,  However,  since  one  is  working  on  differences  within  a  given  batch, 
this  does  not  matter. 
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and  pecking.  For  copulation  scoring  a  horizontal  hand  is  first  moved  and  then  held 
stationary  at  ehest  height:  a  score  of  1  is  given  for  walking  over  the  hand  and  points  are 
added  for  crouching,  treading,  pelvic  thrusting  and  circling  up  to  a  maximum  score  of  10. 
Fach  test  is  repeated  3  times  and  average  taken  on  each  day  up  to  an  age  of  11  days.  The 
results  are  presented  in  Figure  2.  There  were  8  animals  in  each  group.  A  testosterone- 
treated  group  has  been  added  for  comparison  (25  mg  of  testosterone  oenanthate 
administered  on  day  2).  The  group  treated  with  cycloheximide  in  the  left  side  of  the 
fore-brain  showed  a  remarkable  increase  in  attack  and  copulation,  comparable  to  that  of 
the  androgen-treated  group  (e.  g.  for  attack  scores  on  day  11,  P  =  .01  for  difference 
between  control  and  left-side  treated  groups;  and  for  copulation  on  day  11,  P  =  .001  for 
the  difference  between  the  same  groups;  2  tailed  Mann-Whitney  U-tests).  None  of  the 
other  groups  (the  control  group,  the  group  treated  in  the  right  side,  or  the  bilaterally- 
treated  group)  showed  any  increase  in  attack  and  copulation.  Cycloheximide  treatment  of 
the  left  side  must  generate  some  imbalance  which  releases  these  behaviours  either  directly, 
or,  possibly,  indirectly  via  hormonal  release.  A  unilateral  disinhibition  of  sexual  and 
aggressive  behaviour  has  occured. 


ATTACK 


COPULATION 


TP 

•o 
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00 
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Figure  2.  Attack  and  copulation  have  been  scored  according  to  a  ranking  procedure  (Andrew,  1975; 
Young  &  Rogers,  1978).  For  either  of  these,  each  animal  was  tested  3  times  on  a  given  day,  and  an 
average  taken.  The  Overall  daily  mean  values  for  groups  of  8  animals  are  plotted  for  each  treatment. 
The  pairs  of  circles  indicate  fore-brains  as  in  Figure  1.  The  plotted  Symbol  represent:  -  O,  Controls 
injected  with  sahne  into  each  side  of  the  fore-brain;  •  cycloheximide  in  both  sides;  A  cycloheximide 
in  the  right  side,  saline  in  the  left;  Ä  cycloheximide  in  the  left  side,  sahne  in  the  right;  ■  TP,  25  mg 

testosterone  oenanthate,  Primoteston  (Schering). 


Conclusions 

Visual  discrimination  learning,  auditory  habituation  learning  and  aspects  of  attention 
Switching  which  are  altered  by  cycloheximide  treatment  appear  to  be  better  represented  on 
the  left  than  on  the  right  side  of  the  chicken  fore-brain.  The  right  side  is  more  responsive 
both  in  detection  of  and  initial  Orientation  to  novel  visual  Stimuli.  There  is  a  lateralised 
control  mechanism  for  suppressing  sexual  and  aggressive  behaviour,  which  is  disinhibited 
by  cycloheximide  treatment  of  the  left  hemisphere.  It  is  therefore  postulated  that  the  left 
hemisphere  is  concerned  with  complex  integration  and  learning,  and  possibly  also  with  the 
Suppression  of  sexual  and  attack  behaviours,  whilst  the  right  hemisphere  is  more 
concerned  with  scanning  the  environment  for  novel  Stimuli.  The  right  side  may  monitor 
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the  environment  and  select  inputs  for  the  left  side,  where  they  can  be  further  processed  and 
stored  as  memories. 

This  left-sided  localisation  of  complex  neural  Integration  in  chickens  may  represent  an 
evolutionary  precedent  for  left  hemisphere  dominance  for  song  control  in  birds  such  as  the 
Canary.  The  fact  that  so  many  behaviours  are  lateralised  in  the  chicken  brain  also  raises  the 
possibility  that  functional  lateralisation  occurred  quite  early  in  evolution. 
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Introduction 

In  spite  of  the  great  variety  apparent  in  the  song  structure  of  birds,  there  is  a  set  of 
principles  common  to  most  oscmes.  Investigatmg  the  functional  prmciples  of  quantitat- 
ively  described  behaviour  concern  normally  is  focussed  on  one  of  the  following  categories 
of  aspects: 

1)  Interindividual  aspects  (mechanisms  of:  individual  commumcation,  particularly 
those  concerning  reproduction  and  territory;  species  recognition  and  Isolation,  ecological 
adaptation.)  (Lit.  summ.:  Morton,  1980;  Brown  &  Lemon,  1977;  v.  Helversen,  1980, 
Krebs  &  Hunter,  1980;  Todt,  1979b;  etc.) 

2)  Intraindividual  aspects  (mechanisms  of:  acquisition,  development,  determmation, 
control  and  performance  of  singing  behaviour.)  (Lit.  summ.:  Konishi,  1965;  Dobson  & 
Lemon,  1977;  Göttinger,  1980;  Marler,  1980;  Nottebohm,  1980;  Thimm,  1980; 
Todt,  1979a;  Wolffgramm,  1978;  etc.) 

Although  there  are  numerous  interesting  pomts  mediated  by  these  aspects,  this  paper 
examines  only  the  functional  relevance  of  sequence  and  hierarchy  in  vocal  communication 
and  vocal  control.  A  short  outline  on  analysis  of  the  various  song  parameters  is  given 
beforehand. 

Organization  of  singing  behaviour  —  bases  of  functional  analysis 

The  study  of  functional  principles  requires  the  preceding  Investigation  of  structural 
principles  (Fentress,  1973;  Golani,  1973;  McFarland,  1976;  etc.).  The  singing 
behaviour  of  birds  can  be  described  as  multichannel  time  series  of  behavioural  events 
(Hinde,  1958;  Isaac  &  Marler,  1963;  Todt,  1970a;  Lemon  &  Ghatfield,  1971, 
Nelson,  1973;  etc.).  Proven  Steps  of  analysis  are: 

(1)  Introductory  analysis  of  the  behavioural  patternmg.  (Fach  of  the  sucessively  and 
simultaneously  occurring  behavioural  events  can  be  regarded  as  a  unit  for  analysis). 

-  (2)  Typification  and  classification  of  units  according  to  congruent  parameter  configura- 
tion.  (Any  value  which  is  measured  and  related  to  the  units  under  Investigation  can  be 
regarded  as  a  parameter).  -  (3)  Analysis  of  the  temporal  ordering  of  the  units.  (Starting 
time  and  duration  of  units  and  pauses  between  them;  interval  length  between  certain  units, 
frequency  distribution  of  these  data).  -  (4)  Analysis  of  the  structural  hierarchy  of  units. 
(Units  may  form  patterns,  which  are  in  turn  units  of  patterns  of  a  higher  structural  level. 
This  patterning  may  coincide  with  positional  ordering).  -  (5)  Analysis  of  the  sequential 
ordering  of  units.  (Transitional  relations  between  units;  type  and  degree  of  coordination). 

-  (6)  Analysis  of  parameter  variations.  (Parameters  of  units,  or  unit  combinations,  may 
change  in  time  either  randomly  or  in  correlation  to  special  events  or  processes). 

-  (7)  Further  analysis  includes  analysing  those  events  which  occur  simultaneously  with  the 

Abt.  Verhaltensbiologie,  Institut  für  Allgemeine  Zoologie,  Freie  Universität,  Hadersiebener  Str.  9, 
D-1000  Berlin  41 
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behaviour  in  question.  (Data  evaluated  with  multidimensional  crossclassified  frequency 
distributions,  Statistical  tests,  etc.). 

To  approach  a  complete  understanding  of  the  behavioural  Organisation,  the  results  of  the 
particular  steps  have  to  be  related  to  each  other,  and  then  have  to  be  investigated  by  further 
studies  (differenciating  system-analysis;  (Todt,  1973,  1975a;  Todt  &  Wolffgramm, 
1975;  Wolffgramm,  1975;  Thimm,  1977). 

Aspects  of  interindividual  functions 

The  structure  of  song  results  from  a  temporal  arrangement  of  vocal  units  that  occur  in 
sequential  Order  and  form  patterns  on  several  different  hierarchical  levels  (Fig.  1 ;  Todt, 
1970b;  Dawkins,  1976;  Shiovitz,  1975;  etc.).  Most  of  the  functions  ascribed  to  bird  song 
are  functions  of  structural  units  of  the  song  (= Strophe)  level.  For  this  “key-role”,  songs  (in 
the  sense  of  “strophes”)  fit  much  better  than  structures  of  higher  (bouts)  or  lower 
(elements,  notes)  levels. 


^  I-O--} - P - : . la--:--.p . • . -Y - 1-Oh  q  ß  Y  O 


Figure  1.  Hierarchical  Organisation  of  song  (schematic).  Left:  “structural  hierarchy”;  level  0: 
sonagraphic  patterns;  level  1:  note  (=element);  level  2:  syllable  (here  in  y-section);  motif  (=theme, 
here  in  /3-section);  level  3:  series  (=tour=phrase);  level  4:  song  (=strophe=train);  level  5:  bout. 
Often  a  “strophe”  may  be  subdivided  into  a-,  ß-,  y-,  ß-sections.  Right:  “Informational  hierarchy”. 
Certain  element  types  may  occur  in  certain  sections  and  at  special  positions  within  a  “strophe”.  The 
number  of  alternative  unit  types  increases  from  a  to  ß .  In  parallel  the  frequency  of  each  particular 
type  decreases.  Thereby  the  uncertainty  of  y  or  ß  elements  is  higher  than  that  of  a  elements. 


1)  Songs  as  units  supply  many  more  cues  for  recognition  of  species,  individual  and 
motivational  state  of  the  singer  than  do  elements  but,  of  course,  less  than  do  bouts. 

2)  The  messages  of  songs  (typical  duration,  t.  d.:  2-8  sec.)  can  be  perceived  and  acted 
upon  more  quickly  than  those  of  bouts  (t.  d.:  1-10  min  and  more). 

3)  The  length  of  silent  intervals  between  songs  (t.  d. :  2-8  sec.)  allows  more  time  for  data 
Processing  in  the  receiver  than  do  silent  intervals  between  elements  within  songs  (t.  d.: 
0.02-0.1  sec.). 

4)  While  duration  of  pauses  between  elements  within  songs  are,  on  the  whole,  kept 
constant,  the  duration  of  the  intervals  between  songs  can  be  changed  (up  to  more  than  100 
%)  so  there  is  a  non-rigidness  that  allows  temporal  coordination  between  vocal  signals  by 
communicating  birds. 

5)  The  sequential  ordering  of  songs  follows  a  program  less  fixed  than  that  of  the 
subordinate  structures  (notes,  elements,  syllables,  etc.)  so  additionally  a  qualitative 
coordination  between  vocal  signals  (song  types)  may  occur  in  communication. 
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6)  The  sequence  of  songs  is,  however,  not  at  random  but  depends  on  an  autogenous 
program  operating  in  the  singer.  In  particular,  the  “component  of  throttling-back”  and  the 
“component  of  periodical  reoccurrence”  of  songs  can  help  to  avoid  monotony  in  vocal 
communication,  which  can  be  facilitated  by  equivalent  vocal  responses  in  counter  singing, 
for  instance  (Fig.  5;  Todt,  1975a;  Thimm,  1980;  Wolffgramm,  1978). 

Considering  the  above  aspects  it  would  be  of  basic  interest  to  investigate  communication 
in  those  species  which  organize  their  singing  behaviour  differently  from  the  type  character- 
ised  here. 


Figure  2.  Parameter  Variation  in  a  crescendo  song  of  Cossypha  heuglini,  measured  along  element  and 
motif  sequences  (=songs).  I:  Illustration  of  measurement.  Abscissa  of  diagram  II,  III,  IV:  Running 
number  of  unit  types  or  interval.  A,  B,  C:  different  songs  (Fig.  1,  L  5).  Arrow  D:  Start  of  a  duet 
where  the  $  joins  in.  The  crescendo  facilitates  duetting.  Reaching  a  distinct  critical  interval  between 
the  cf  motifs  triggers  the  Start  of  the  duet.  The  releasing  interval  length  corresponds  to  that  interval 
which  the  9  normally  sets  between  the  patterns  of  her  duet  contribution.  Duet  was  recorded  during 
nest-building  period.  Coordination  type  of  particular  duet  contributions  may  differ  according  to  the 

particular  social  function. 


In  vocal  communication,  song  may  facilitate  and  elicit  either  vocal  or  non-vocal 
reactions.  Considering  the  bioacoustic  responses  alone  one  can  detect  changes  in  the 
(autogenous)  program  of  a  receiver.  Depending  on  the  species,  certain  specific  pattem 
types  and  pattem  type  combinations  (including  type  repetitions)  can  be  changed  m  the 
following  Parameters:  (1)  amplitude;  (2)  pitch;  (3)  vocal  density  (duration  of  patterns  and 
pauses);  (4)  frequency;  (5)  distance  to  next  reoccurrence;  (6)  starting  time.  The  particular 
expression  of  such  changes  is  again  dependent  on  the  individual  and  on  the  motivational 
state  of  the  receiver. 

Through  and  with  these  changes,  communicating  birds  are  able  to  establish  both, 
temporal  and  pattem  specific  relations  between  their  songs  (or  trains).  Preferred  temporal 
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relations  results  in  simultaneous  (unisono)  or  alternating  song  utterances.  Most  common 
pattern-specific  relationships  result  in  countersinging  or  antiphonal  duetting.  Counter- 
singing  occurs  between  competitive  singers,  whose  vocal  repertoires  overlap  (Todt,  1971). 
Antiphonal  duetting  takes  place  in  birds  which  form  stable  pair  bonds.  The  duets  serve 
several  functions  (lit.  summ.:  v.  Helversen,  1980;  Thorpe,  1974).  The  structure  of  such 
duets,  especially  the  coordination  between  the  particular  duet  contributions,  can  be 
changed  according  to  their  particular  social  application  (Fig.  2;  Todt,  1979b). 

The  most  striking  characteristic  of  countersinging  is  the  “matching”.  Due  to  it  the  songs 
of  different  singers  correspond  (more  frequently  than  expected,  when  random  occurrence 
assumed)  to  each  other  in  the  type  of  the  units  actually  sung.  Characteristics  of  these 
correspondences  depend  on  species-specific  characters  of  the  “informational  hierarchy”  of 
the  songs  being  matched.  In  the  European  Blackbird  (Turdus  merula),  in  which  the 
number  of  alternative  element  sequences  increases  predominantly  towards  the  end  of 
songs,  such  congruencies  can  be  found  almost  exclusively  in  the  initial  section  of  songs. 
On  the  other  hand,  in  Nightingales  (Luscinia  megarhynchos)  the  number  of  alternative 
element  sequences  decrease  towards  the  end.  Thus  response  congruencies  occur  in  the 
middle  and  terminating  section  of  songs  (Todt  1970a,  1971). 

There  is  evidence  that  a  singer,  which  vocalizes  a  counter-response  (=  equivalent 
response)  tries  to  match  a  heard  prepattern  as  quickly  as  possible,  immediately  after  its 
detection.  So,  countersinging  very  often  results  in  a  temporal  overlapping  of  equivalent 
song  types. 

In  territorial  neighbours  which  share  vocal  repertoires  (here:  max.  song  type 
congruence:  about  30  %)  sometimes  up  to  12  %  of  consecutive  songs  could  be  identified  as 
“equivalent”  responses.  Also  we  found  vocal  responses  of  the  “convalent”  type.  By  this 
means  the  “vocal  follower”  may  exchange  roles,  thus  becoming  the  “vocal  leader” 
(presinger;  Todt,  1971). 


1  2  3  4  5  6  7  8  9  10  11  12 

consecutive  days 


Figure  3.  Perch  choice  affected  by  auditory  Stimulation.  Perch  1 :  singing  stimulated  with  song  copies 
placed  as  “echos”  into  pauses  between  songs.  Perch  2:  No  Stimulation.  Perch  3:  Singing  stimulated 
with  copies  of  bouts  of  the  birds  own  repertoire,  without  experimental  arrangment  of  artificial  echos. 

(Material:  (^-Turdus  merula) 

We  suppose  that  there  are  at  least  two  interindividual  functions  of  countersinging.  One 
function  is  repertoire  comparison  between  neighbouring  conspecifics.  The  other  one  is 
establishment  and  maintenance  of  a  certain  distance  between  the  singers.  This  hypothesis  is 
supported  by  field  studies  on  European  Blackbirds  and  Nightingales.  Results  show  that  in 
densely  settled  biotops  individuals  which  share  a  large  part  of  their  repertoires,  are 
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separated  from  each  other  by  at  least  50  m  and  in  general  by  about  70  to  130  m;  on  the 
other  band,  individuals  with  more  divergent  repertoires  may  settle  and  sing  between  them 
(WoLFFGRAMM,  1979;  Hultsch  &  Todt,  1979b).  This  might  perhaps  be  understood  from 
the  results  of  aviary  experiments  which  demonstrate  that  a  bird  will  avoid  singing  at  a 
perch,  at  which  it  will  be  continuously  confronted  by  patterns  which  are  equivalent  or 
convalent  responses  to  its  own  songs  (Fig.  3;  Todt,  1979b).  There  is  evidence  that  not 
only  the  amount  of  overlap  in  repertoires,  but  also  the  number  of  diverse  song  types 
uttered,  play  an  important  social  and  ecological  role  (Kroodsma,  1976;  Krebs,  1977, 
Krebs  &  Hunter,  1980;  etc.). 

Countersinging  is  performed  by  both  territorial  individuals  and  territorial  pairs  (counter 
duets).  The  matchmg  response  in  a  counter  duet  of  two  pairs  may  be  triggered  and 
governed  by  one  particular  pair  member.  We  suppose  that  this  achievement  is  reached  by 
learning  in  and  during  group  singing  (Fig.  4;  Todt,  1970c). 

Aspects  of  intraindividual  functions 

In  typical  communication  the  interactmg  Systems  change  their  roles  (and  States) 
alternatingly.  Each  of  them  switches  from  being  sender  to  being  receiver  and  vice-versa. 
To  understand  the  mtramdividual  functions  of  communication  one  has  to  understand  the 
characteristics  of  both,  the  two  forms  of  activity,  and  the  manner  by  which  the  state 
changes  (Tembrock,  1971). 

Data  concerning  the  antiphonal  duets  of  birds  are  normally  evaluated  by  formal  analyses 
only  (v.  Helversen,  1980).  Experimental  analysis  is  restricted  because  of  the  great 
difficulty  in  getting  adequate  responses  when  one  of  the  partners  is  replaced,  or  when  its 
Signals  are  replaced  by  copies  (Todt,  1975b).  In  contrast,  data  concerning  a  counter 
response  can  be  collected  by  experimental  analysis  without  difficulty  (Lemon,  1968;  Falls 
&  Krebs,  1975;  Todt,  1979b).  In  Nightingales  and  European  Blackbirds  distinct  experi¬ 
mental  parameter  changes  of  the  acoustic  Stimuli  can  predictably  raise  or  dimmish  the 
probability  for  an  equivalent  vocal  response  (Fig.  5;  Todt,  1970a,  1971,  1974;  Thimm, 
1980;  WoLFFGRAMM  &  Todt,  in  preparation;  Hultsch,  1979).  Here  predictions  are  made 
based  on  results  from  earlier  investigations  on  autogenous  song  programs  (Todt,  1970a, 
1970b,  1971). 

In  many  bird  species,  it  makes  sense  to  describe  and  to  analyse  the  singing  by  diverse 
subprograms:  for  instance,  one  program  which  predicts  the  sequence  of  songs  classified 
according  to  initial  elements,  and  another  program  which  predicts  the  element  sequence 
within  a  song.  Alternative  patterns  (elements,  respectively  songs)  which  are  going  to  be 
uttered  (“pattem  choice”)  are  affected  by  a  set  of  variables  (factors,  components).  Some  of 
them  can  be  traced  back  to  certain  specific  auditory  Stimuli  (Todt,  1973,  1974,  1975a; 
WOLFFGRAMM,  1975;  Thimm,  1977;  etc.). 

The  decisions  which  must  occur  in  any  variable  singing  behaviour  determine; 

1)  Which  of  the  alternative  units  shall  be  vocalized  next? 

2)  At  what  time  shall  it  Start?  When  shall  it  end? 

3)  In  which  particular  Variation  shall  it  be  performed? 

Certain  types  of  variable  singing  behaviour,  especially  the  crescendo  of  Nightingales, 
robinchats  (Fig.  2)  and  other  birds  are  going  to  be  analysed  in  testing  the  “hypothesis  of 
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length  of  S-R-intervals  I  stimulat.  programs 

Figure  5.  Distribution  of  reaction  time  intervals  of  counter  responses  in  Blackbirds.  Intervals  were  measured  from  Start  of  Stimulus  pattem  (open  figures)  to 
Start  of  response  pattem  (black  figures).  -  A:  Stimulation  with  copies  of  original  pattem;  B  and  C:  Stimulation  with  copies  altered  as  shown  above;  D:  degree  of 
counterresponse  preference  at  the  reaction  time  interval  0.4-0. 9  sec;  element  sequence  of  original  pattem  (1,  2,  3,  4,  ...  ;  program:  d)  is  altered  as  illustrated 
in  programs  a,  b,  c,  e;  program  a  corresponds  to  Fig.  5C.  Copies  which  lack  the  Ist  element  do  not  elicit  counterresponse. 
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multiple  determination”.  Questions  to  be  answered  include  the  following.  Do  these 
multiple-determinations  proceed  in  discrete  steps  or  in  a  kind  of  continuous  process? 
Are  these  determinations  made  just  before  the  particular  unit  is  performed  or  do  they 
proceed  earlier?  Preliminary  results  point  out  that  at  least  one  of  the  determining 
components  underlying  the  crescendo  can  only  be  explained  by  data  processing  which 
spans  the  intervals  separating  the  particular  vocal  units  (parallel  processing,  Fig.  2). 
Further  results  are  strongly  desired. 
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The  Role  of  Periodicities  in  Avian  Vocal  Communication 

Jochen  Wolffgramm 
Introduction 

Bird  song  can  be  examined  from  two  different  points  of  view:  (1)  its  communicative  and 
ecological  function  concernmg  the  interaction  among  different  individuals  (intermdividual 
aspect)  and  (2)  its  individual  development,  its  Organization  and  its  central  nervous  control 
(intraindividual  aspect). 

The  latter  aspect  includes  fluctuations  of  vocal  activity  as  well  as  fluctuation  of  other 
Parameters  of  vocal  utterance.  These  changes  manifest  themselves  often  in  rhythmical 
oscillations,  which  can  be  interpreted  as  effects  of  endogenous  periodicities.  Two  of  these 
rhythms,  the  circadian  and  the  circannual  penodicity,  are  well  known  and  broadly  studied. 
The  following  contribution  will  be  restricted  to  the  subject  of  mfradian  short  term 
rhythms,  i.e.  periodicities  the  wavelength  of  which  is  distinctly  shorter  than  24  hrs  (for 
references  see  Todt,  1977).  For  example,  in  the  singing  activity  of  the  Redstart 
(PhoenicuTus  phoenicuTus)  periodical  oscillations  can  be  found  with  a  period  of  some  hours 
(Thimm,  1977). 


Analysis  of  periodicities 

Further  examinations  of  rhythms  according  to  their  effect  on  song  structure  and 
communicative  interaction  require  a  quantitative  analysis  of  periodical  recurrence.  Some 
procedures  have  been  developed  (especially  based  on  autocorrelation  functions  and 
power— spectra).  These  methods  however  were  not  totally  sufficient  for  our  aims,  for 
neither  independence  of  periodicity  nor  significances  of  examined  periods  of  oscillation 
could  be  tested  statistically  -  especially  concerning  rhythms  by  Step  (see  later).  Therefore 
we  developed  a  new  method  which  qualified  for  the  analysis  of  periodical  recurrence  of 
patterns.  The  new  procedure  was  called  “PUSTA-analysis”  (“Perioden-Untersuchung 
über  Sinus— Transformations— Analyse”)  —  cf.  Wolffgramm,  1975;  Wolffgramm  & 
Thimm,  1976.  The  basic  concept  of  this  analysis  is  the  computation  and  evaluation  of 
so-called  “superposition  histograms”  which  represent  the  frequency  distributions  of  all 
the  distances  that  occur  between  every  event  to  every  other  event  of  the  same  dass 
(Wolffgramm,  1973). 

Different  components  of  the  control  of  utterance  express  themselves  in  different  shapes 
of  the  Superposition  histogram  (Fig.  1): 

1.  In  random  case  there  should  be  linear  regression  of  frequency. 

2.  Non-periodical  infltiences  like  sequential  components  may  cause  definite  deviations 
from  random  expectation.  The  superposition  histogram  will  neverth eiess  show  no  recogniz- 
able  rhythmicity. 

3.  When  there  exists  an  influence  from  one  occurrence  of  the  event  to  the  next  one  (for 
instance  by  a  refractory  period)  we  expect  that  a  statistically  preferred  distance  to  the  next 
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occurrence  will  express  itself  in  a  peak  on  the  histogram.  The  next  occurrence  but  one  will 
be  less  preferred,  so  that  the  second  peak  will  be  smaller  and  so  on.  According  to  the  fact 
that  the  deviations  from  the  preferred  distance  will  sum  up  with  increasing  order  of 
recurrence,  high  distant  values  of  frequency  will  correspond  to  the  random  expectation. 

4.  Periodicities  that  are  independent  from  the  events  themselves  (superordinate  period- 
icities)  are  the  only  influences  that  lead  to  periodical  oscillations  from  the  beginning  of  the 
Superposition  histogram  to  its  end.  The  peaks  of  the  histogram  represent  the  distances 
from  one  maximum  of  periodicity  to  the  next  one,  the  next  one  but  one,  the  next  one  but 
two,  etc. 


Figure  1.  Above:  characteristic  shapes  of  Superposition  histograms  under  different  conditions:  a.) 
expected  histogram  in  random  case;  b.)  irregulär  fluctuations  (e.g.  in  sequentially  determined 
recordings);  c.)  pseudo-periodical  recurrence  of  patterns  (e.g.  as  a  consequence  of  refractory  periods); 
d.)  superordinate  periodicity.  Below:  Principles  of  PUSTA-analysis.  On  the  right  side  a  random- 
expected  histogram,  on  the  left  side  the  case  of  periodicity.  The  plot  demonstrates  the  distributing  of 
frequency  values  to  a  G-  and  a  T-portion  according  to  a  cosine  function.  For  further  explanation  see 

text. 


Thus  perodical  oscillations  of  frequency  within  the  Superposition  histogram  indicate  the 
existence  of  a  superordinate,  independent  periodicity.  The  further  aims  of  analysis  are  to 
identify  the  period  of  oscillation  (or  perhaps  several  different  periods  that  superimpose 
themselves).  This  purpose  is  performed  by  the  second  Step  of  analysis  (Fig.  1): 

Fach  amount  of  frequency  within  the  Superposition  histogram  is  divided  into  two 
portions  according  to  the  actual  value  of  a  cosine  function.  Three  extreme  situations 
illustrate  that  procedure: 
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The  whole  amount  is  allocated  to  the  G-portion,  when  the  cosine  funciion  has  the 
value  of  +  1. 

The  whole  amount  is  allocated  to  the  T-portion,  when  the  value  of  the  cosine  function 
is  -1. 

G-  and  T-portion  obtain  each  50  %  of  the  amount  of  frequency,  when  the  cosine 
function  has  the  value  of  ±  0. 

Within  PUSTA-analysis  the  period  of  the  cosine  function  is  varied  Step  by  Step.  If  there 
existed  no  periodicity,  the  summation  frequencies  of  the  G-portion  and  the  T-portion 
should  be  nearly  equal.  The  same  result  is  expected  when  there  exists  a  periodicity,  but  the 
cosine  function  does  not  have  the  same  period.  In  the  case  however  that  the  period  of 
oscillation  corresponds  to  the  period  of  the  cosine  function,  the  summation  frequency  of 
the  G-portion  should  be  very  much  higher  than  that  of  the  T-portion.  The  relative 
difference  between  G-  and  T-frequencies  gives  us  a  quantitative  measure  for  the  strength  of 
periodicity.  It  is  quantified  by  means  of  the  factor  of  periodicity  cp  (Wolffgramm,  1975) 
which  is  defined  by  the  following  formula: 

Go-To-(Ge-Te) 

N 

Go:  observed  summation  frequency  of  the  G-portion;  T«:  observed  summation  frequency 
of  the  T-portion;  G^:  expected  summation  frequency  of  the  G-portion;  expected  sum¬ 
mation  frequency  of  the  T-portion;  N:  Sum  of  all  the  frequency  amounts  of  the  superpo- 
sition  histogram  (N  =  Go  +  To  =  Ge  +  Te).  A  Statistical  evaluation  of  the  expected  and 
observed  frequencies  of  G-  and  T-portions  by  means  of  X  -analysis  has  to  test  the  signifi- 
cance  of  every  calculated  qi-value.  The  cp-factors  for  varymg  periods  of  oscillation  can  be 
plotted  in  a  diagram  (Woffgramm,  1975). 

Temporal  periodicity 

We  examined  by  means  of  the  PUSTA-analysis  some  species  of  songbirds.  This 
contribution  will  refer  especially  to  results  concerning  Blackbird  (Turdus  merula), 
Redstart  and  roller  Ganary  (cf.  Thimm,  1973,  1977:  Todt,  1968,  1970,  1977:  Todt  & 
Wolffgramm,  1975:  Wolffgramm,  1973,  1975).  We  found  temporal  periodicities  with 
periods  of  several  minutes  (Fig.  2).  The  periods  of  oscillations  varied  from  day  to  day.  The 
period  of  minutes  could  be  superimposed  by  a  period  of  hours  that  was  mentioned  above; 
it  was  not  connected  with  the  circadian  rhythm.  In  order  to  examine  the  influence  of 
periodicity  on  parameters  of  bird  song  we  had  to  confirm  the  position  of  the  phase  of 
periodicity.  This  was  managed  by  a  Computer  Simulation  based  upon  the  knowledge  of  the 
period  of  oscillation.  The  result  of  such  an  analysis  is  shown  in  Fig.  3.  It  was  found  that  the 
fluctuation  of  frequency  of  vocal  patterns  corresponded  well  to  the  course  of  a  sine 
function.  The  knowledge  of  the  position  of  phase  made  it  possible  to  investigate  the 
influence  of  the  periodicity  on  the  structure  of  vocalizations.  It  could  be  shown  that  at  the 
maximal  ränge  of  the  periodicity  function  the  duration  of  vocal  patterns  was  enlarged, 
whereas  the  duration  of  silent  intervals  was  shortened. 

Short  term  periodicities  within  song  guarantee  an  alternation  between  periods  of  vocal 
activity  and  periods  of  vocal  inactivity.  It  is  remarkable  that  in  other  Felds  of  behaviour 
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Figure  2.  Superposition  histograms  for  the  temporal 
recurrence  of  vocal  patterns  in  the  songs  of  the  roller  Canary 
and  the  Redstart  and  of  preenmg  in  the  behaviour  of  the 
Mynah-bird  (combined  from  Thimm,  1976;  Nguyen- 
ClAUSEN,  1975;  WoLFFGRAMM,  1973). 


Figure  3.  Phase  position  of  temporal  perio- 
dicity  in  Redstart  song  (after  Thimm,  1976). 

Below  the  course  of  the  pretended  sine  func- 
tion  the  expected  and  observed  frequencies 
are  plotted. 

The  diagram  at  the  bottom  represents  the 
preferences  of  occurrence  at  different  phase 
positions. 
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also  short  term  periodicities  are  found  (Fig.  2  -  cf.  Nguyen-Clausen,  1974;  Todt,  1977). 
This  suggests  a  foundamental  function  of  short  term  periodicities:  a  variable  change  among 
different  behavioural  utterances  is  achieved.  The  rhythms  prevent  total  dommation  or  total 
Suppression  of  some  behavioural  acts  by  others.  Thus  a  variable  incorporation  of  song  into 
the  total  behavior  is  achieved. 


Periodicities  by  Step 

The  temporal  periodicity  of  singing  described  above  has  no  influence  on  the  type  of 
vocal  pattem  that  is  to  be  uttered.  The  type  of  pattem  however  plays  an  important  role  in 
vocal  communication.  Its  choice  depends  on  acoustical  Stimuli,  but  is  also  mfluenced  by 
endogenous  components  of  control  (Todt,  1975;  Thimm,  1976;  Wolffgramm,  1976). 
Therefore  we  exammed  whether  rhythmical  mfluences  also  had  an  effect  on  the  decision 
between  alternative  types  of  patterns. 

As  temporal  periodicity  had  no  effect,  we  had  to  look  at  other  sorts  of  rhythms.  The 
evaluations  of  spontaneous  recordmgs  as  well  as  of  stimulus-reaction  experiments  led  to 
the  conclusion  that  there  existed  a  periodicity  by  Step  which  mfluenced  the  choice  of 
pattem.  This  periodicity  did  not  depend  on  the  temporal  distance  between  two  events  but 
only  on  the  number  of  vocal  patterns  uttered  in  the  meantime.  One  Step  of  the  period 
corresponded  to  the  utterance  of  one  pattem.  Thus  the  period  of  oscillation  had  to  be 
measured  in  number  of  Steps  (Todt,  1968,  1977).  In  the  three  bird  species  that  were 
submitted  to  a  detailed  analysis  (Blackbird,  Redstart  and  roller  Canary),  it  could  be  shown 
that  the  level  of  vocal  pattem  that  was  relevant  for  the  counting  corresponded  to  a 
“Strophe”  (in  German:  “Strophe”).  Every  type  of  vocal  pattem  (in  Blackbird  song:  the 
Strophe  dass,  in  Redstart  song  and  in  Canary  Song:  the  type  of  tour)  had  its  own 
periodicity  (Thimm,  1977;  Todt,  1968,  1970,  1977;  Wolffgramm,  1973). 

The  conclusion  that  the  utterance  of  a  Strophe  could  be  regarded  as  the  pacemaker  of  the 
periodicity  by  Step  was  the  result  of  a  number  of  comparative  evaluations.  Although  we 
cannot  exclude  the  possibility  that  other  species  use  other  vocal  patterns  it  is  remarkable 
that  the  three  species  that  we  exammed  used  the  Strophe  as  a  step-triggering  pattem.  In 
Redstart  song  it  was  found  that  the  a-part  of  a  Strophe  played  its  part  as  a  pacemaker. 
Patterns  without  a-part  (that  appear  rarely)  do  not  have  any  step-triggering  function 
(Thimm,  1977). 

The  role  of  the  periodicity  by  Step  is  in  one  way  similar  to  those  of  the  temporal 
periodicity.  The  latter  guarantees  variability  of  singing  within  the  total  behaviour;  the  first 
one  guarantees  a  variability  of  the  sequence  of  types  of  patterns  and  therefore  pi  events 
monotony  in  countersinging  as  well  as  in  spontaneous  song.  In  order  to  examine  the 
relationship  between  periodicity  by  Step  and  other  components  of  the  control  of  vocal 
communication,  we  investigated  the  interaction  between  the  component  of  convalence  and 
step-rhythms.  The  component  of  convalence  facilitates  distinct  successions  of  vocal 
patterns  in  spontaneous  song  as  well  as  distinct  responses  under  stimulus-ieaction 
conditions  (Todt,  1970,  1977;  Todt  &  Wolffgramm,  1975).  For  this  purpose  periodicity 
was  analysed  in  definite  types  of  tours  which  were  connected  to  each  other  by  strong 
sequential  preferences.  We  found  out  that  in  such  cases  maxima  of  the  periodicity  factor 
occurred  at  the  same  wavelength  in  every  type  of  the  succession.  This  result  could  be 
interpreted  as  a  Superposition  of  periodical  and  sequential  influences.  The  conclusion  above 
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was  confirmed  by  another  evaluation.  After  some  types  of  tours  two  or  more  alternative 
types  could  be  preferred  simultaneously.  Each  of  these  types  possessed  its  own 
periodicity.  In  its  maximum  of  rhythmicity  the  other  type  was  suppressed.  Thus  the 
second  type  was  forced  to  accept  a  “secondary”  periodicity  with  the  same  period,  but  with 
a  phase  difference  of  half  a  wavelength.  Such  an  influence  was  mutual  so  that  the  two 
concurrents  were  submitted  to  two  nearly  identical  periodicities. 


distance  of  recurrence  m  number  of  phrases 


Figure  4.  Periodicity  by  step  within  roller  Canary  song.  Superposition  histogram  (left)  and  diagrams 
of  the  courses  of  periodicity-factor  andX-value  (right)  are  shown  for  one  type  of  four. 


The  results  presented  in  this  contribution  should  illustrate  the  function  of  periodicities 
by  time  and  by  step  as  endogeneous  influences.  The  first  one  facilitates  singing  in 
concurrence  with  other  forms  of  behaviour;  the  latter  takes  place  in  the  decision  between 
several  types  of  vocal  patterns.  In  both  cases,  vanabihty  is  guaranteed  when  external 
Stimuli  are  lacking.  Under  the  condition  of  vocal  inputs  the  temporal  periodicity  influences 
the  general  readiness  of  response  whereas  the  periodicity  by  step  superimposes  the 
influences  of  vocal  response  and  thus  once  more  guarantees  variability  and  individuality  of 
song. 
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The  Function  of  Feedback-Mechanism  in  Bird  Song 

Franz  Thimm 

A  bird  uttering  its  territorial  song  performs  a  communicative  function  within  this 
behaviour.  Consisting  of  successive  vocal  patterns  this  behaviour  is  controlled  by  the 
central  nervous  System  of  the  bird.  Endogeneous  and  exogeneous  factors  influence  the 
accoustical  behaviour.  The  central  nervous  control  of  the  communicative  utterances 
consists  not  only  of  one-way-orders  from  superordinate  to  subordinate  centers,  but  also  of 
feed-back  mechanisms.  The  aim  of  this  paper  is  to  review  some  of  these  feed-back 
mechanisms  and  to  discuss  their  possible  functions  m  the  vocal  communication.  Accordmg 
to  VON  Holst  and  Mittelstaedt  feed-back  mechanisms  within  central  nervous  control  of 
behaviour  can  be  fundamentally  divided  into  two  groups  (V.  Holst  &  Mittelstaedt, 
1950): 

a)  Endogeneous  feed-back  mechanisms  occurring  in  the  nervous  System  can  be  inter- 
preted  as  being  copies  of  efferent  messages.  These  copies  of  efferences  can  especially 
cause  short  term  modifications  within  the  control  System. 

b)  Sensory  Organs  record  the  effects  of  the  behaviour  uttered  by  the  organisms.  This 
feed-back  returns  as  reafference  into  the  central  nervous  processing  center.  They  play 
an  important  role  in  the  control  of  utterance  as  can  be  shown  by  experiments  of 
deafferentation  (Konishi,  1965;  Nottebohm,  1970). 

Reafferent  feedback 

A  singing  bird  hears  its  own  song.  Hereby  a  vocal  reafference  takes  place,  the  effects  of 
which  on  the  structure  and  function  of  bird  song  are  to  be  analyzed.  One  can  suppose,  but 
it  is  not  obvious,  that  a  bird  reacts  vocally  not  only  to  vocal  patterns  of  other  mdividuals, 
but  also  to  feedback  patterns  of  its  own  song. 

Concerning  the  question  of  whether  or  not  reafferent  feedback  causes  vocal  reactions 
some  remarkable  results  can  be  discussed  (Thimm,  1977;  Todt,  1970  a  &  b,  1971,  1975, 
WOLFFGRAMM,  1975): 

-  Within  spontaneous  song  of  some  bird  species,  repetitions  of  the  same  dass  of  pattem  are 
statistically  preferred.  The  same  species  react  to  a  playback  of  their  own  song  with 
equivalent  responses.  Both  results  seem  to  be  related  and  can  be  subsumed  undei  the 
effect  of  equivalence  (Fig.  1). 

-  Birds  can  respond  to  playback  Stimuli  with  definite  vocal  patterns  which  are  not 
equivalent  to  the  vocal  Stimulus.  The  comparison  of  spontaneous  song  and  stimulus- 
reaction  experiments  show  that  statistically  preferred  succession  of  patterns  correspond 
to  stimulus-reaction  sequences  (effect  of  convalence). 

-  Further  parallels  can  be  found  concerning  additional  parameters  of  a  bird  song,  for 
example,  positions  of  equivalent  successions  of  tours  within  spontaneous  canaiy  song. 
These  successions  are  preferred  particularly  at  the  beginning  of  the  Strophe.  In 
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corresponding  manner  equivalent  and  convalent  response  in  stimulus-reacdon 
experiments  occur  only  in  the  beginning  of  a  Strophe. 

These  results  suggest  that  vocal  reafferences  act  as  a  positive  feedback  and  thus  cause 
vocal  responses.  Equivalent  or  convalent  successions  of  vocal  patterns  within  spontaneous 
song  can  be  interpreted  as  an  effect  of  reafferent  self-stimulation  (cf.  Wolffgramm,  1976). 
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Figure  1.  Sound  spectrograms  of  equivalent  vocal  reaction  under  S-R  conditions  (above)  and 
equivalent  succession  of  tours  (below)  in  Roller  Canary  song  (slightly  modified  after  Wolffgramm, 

1973). 


Endogeneous  copies  of  vocal  efferences 

We  also  examined  the  question  whether  copies  of  efferences  could  influence  vocal 
communication.  These  effects  should  not  correspond  to  the  effect  of  exafferences  (in 
contrast  to  the  reafferences).  Results  that  referred  to  such  an  influence  were  described 
independently  for  several  species  of  song  birds  (Trimm  et  ah,  1974;  Todt,  1971,  1975; 
Wolffgramm,  1975;  cf.  Lemon  &  Chatfield,  1971;  Falls  &  Krebs,  1975).  Exempla- 
rily,  the  effect  of  this  song  feed-back  can  be  described  as  follows. 

Within  rapid  repetitions  of  one  type  of  pattem  the  probability  for  a  new  succession  of 
the  same  type  decreases  Step  by  Step  (Todt,  1975;  Wolffgramm,  1975,  1976).  In  birds 
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with  definite  Strophe  periodicity  (for  instance  the  Blackbird,  Turdus  merula)  another  effect 
to  inhibitional  feed-back  can  be  seen: 

When  maxima  of  periodicity  were  formed  by  more  than  one  Strophe  of  the  same  dass, 
the  first  maximum  was  reduced  and  the  next  occurrence  of  a  Strophe  of  that  dass  could  be 
found  with  raised  frequency  at  the  second  maximum  of  periodicity  (Todt,  1970b,  1975). 
We  called  the  concerned  influence  of  control:  component  of  throttling  back. 

The  effects  of  this  copy  of  efference  depend  only  on  the  strophes  which  were  uttered  by 
the  bird  itself  and  cannot  be  caused  by  external  Stimuli.  Throttling  back  can  be  described  as 
an  inhibitory  feed-back.  Its  effects  can  be  seen  especially  in  respect  to  two  regards: 

1)  The  specific  inhibition  of  equivalent  succession  is  particularly  strong,  when  the 
intervals  between  the  vocal  patterns  are  short.  It  decreases  with  increasing  duration  of 
the  interval  (Fig.  2;  Thimm,  1973,  1976,  1977;  Thimm  et  ah,  1974;  Wolffgramm, 
1974,  1976;  cf.  Dobson  &  Lemon,  1975). 

2)  At  a  high  level  of  inhibition,  that  is  caused  by  the  component  of  throttling  back,  the 
duration  of  vocal  patterns  is  short.  Their  duration  is  positively  correlated  with  the 
temporal  distance  to  the  last  occurrence  of  the  same  type  (Wolffgramm,  1975). 


Figure  2.  Factor  of  preference  for  succession  of 
equivalent  strophes  (strophes  of  the  same  dass) 
in  spontaneous  Redstart  song  depending  on  the 
interval  between  the  two  subsequent  strophes. 


Negative  feed-back  and  communication 

The  influences  of  equivalence  and  convalence,  as  well  as  the  influence  of  throttling  back, 
have  a  large  effect  upon  the  sequence  of  vocal  patterns.  It  can  be  supposed  that  vocal 
communication  is  also  influenced.  We  analyzed  the  interaction  between  the  components  of 
vocal  response  and  the  component  of  throttling  back  m  the  song  of  the  Redstart 
(Phoenicurus  phoenicurus).  One  important  effect  of  throttling  back  is  to  mhibit  equivalent 
succession  of  strophes.  The  inhibition  decreases  with  time.  Therefore  both  the  component 
of  equivalence  and  the  component  of  throttling  back  counteract.  In  these  experiments 
successions  of  equivalent  strophes  were  analyzed  under  three  different  conditions  of 

afference: 
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1)  No  Stimulus  between  two  subsequently  sung  strophes, 

2)  Equivalent  Stimulus  between  two  subsequently  sung  strophes, 

3)  Nonequivalent  Stimulus  between  two  subsequently  sung  strophes. 

The  experiments  were  not  separated  into  three  distinct  series,  but  were  integrated  into 
one  experiment  containing  all  the  conditions  of  afferents  in  Statistical  sequence.  This 
procedure  guaranteed  an  optimal  comparability  between  the  different  results. 

additive  interaction  multiplicative  interaction 


Figure  3.  Below:  Factors  of  preference  for  the 
succession  of  equivalent  strophes  in  Redstart 
song  depending  on  the  interval  between  the 
subsequent  strophes.  The  plot  demonstrates 
three  different  conditions  of  afferents:  no  Stimu¬ 
lus  between  the  strophes,  equivalent  Stimulus  or 
nonequivalent  Stimulus  within  the  inter-stro- 
phe-interval.  -  Above:  Theoretical  relationship 
under  additive  and  multiplicative  interaction  be¬ 
tween  vocal  input  and  throttling  back. 

These  experiments  led  to  the  following  results:  the  lessening  of  Inhibition  was 
accelerated  by  an  equivalent  external  Stimulus  and  slowed  down  by  a  nonequivalent 
Stimulus  (Fig.  3;  Todt,  1975;  Thimm,  1976,  1977).  From  this  and  other  results  we  can 
deduce  the  following  principles  affecting  control.  The  different  decrease  of  inhibition  slope 
can  be  interpreted  as  an  interaction  between  equivalent  response  and  endogeneous 
throttling  back: 

-  When  a  Stimulus  is  lacking,  the  reafference  works  as  the  only  vocal  input  and  leads  to  a 
light  positive  response. 

-  When  the  Stimulus  is  equivalent,  reafference  and  exafference  act  in  the  same  direction. 
The  increased  influence  of  equivalence  interacts  with  the  throttling  back  (which  is  not 
dependent  on  afferences). 

-  When  the  Stimulus  is  nonequivalent,  reafferences  and  exafferences  contract  each  other 
so  that  the  influence  of  equivalence  is  reduced  in  relation  to  spontaneous  song. 

Hence,  the  3  Stimulus  situations  represent  different  degrees  of  influence  of  equivalences. 
Assuming  an  addition  as  the  mode  of  interaction  between  throttling  back  and  equivalence. 
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we  would  expect  a  shifting  of  the  curve  of  preferences  by  a  constant  amount  either 
upwards  or  downwards.  However,  this  is  not  the  case.  Instead  we  find  a  different  deciease 
of  Inhibition  slope  than  we  would  expect  in  the  case  of  a  multiphcative  inteiaction. 

The  conclusion  from  diese  series  of  experiments  is  that  the  mode  of  interaction  between 
equivalence  and  throtthng  back  must  be  a  multiphcative  one.  Other  experiments  carried 
out  on  the  Redstart,  as  well  as  on  the  Blackbird  and  Canary,  suggested  correspondmg 
conclusions.  Other  additional  components  of  control  were  included.  In  all  3  species  it  was 
found  that  the  influence  of  throttling  back  was  multiplied  with  the  sum  of  the  mfluences  of 
equivalence,  of  convalence  and  discrete  penodicities.  The  result  of  this  computation 
represents  the  facihtation  for  one  type  of  vocal  pattem.  Diagrams  of  the  interaction  of  the 
control  components  postulated  for  the  3  species  are  published  (Todt,  1975,  Todt  & 
WoLFFGRAMM,  1975;  Thimm,  1977;  Wolffgramm,  1975). 

A  comparison  of  the  results  obtained  by  different  authors  shows  that  the  influences  of 
throttling  back  m  song  behaviour  seem  to  be  widespread.  This  fact  mdicates  that  throtthng 
back  has  an  essential  importance  for  song  structure  and  consequently  also  for  song 
communication.  Working  as  a  negative  feedback  throttling  back  prevents  permanent 
positive  feedback,  by  acoustical  reafference  and  so  leads  to  an  unmterrupted  response  to  its 
own  song  and  therefore  to  a  totally  stereotyped-printing.  Uniform  external  acoustical 
Stimuli  would  also  degrade  the  bird  to  a  machme  of  response. 

Concernmg  Blackbird  song  this  hypothesis  could  be  confirmed  by  Computer  Simulation 
of  different  concepts  of  control  interaction  (Todt  &  Wolffgramm,  1975).  This  throttling 
back  in  Cooperation  with  other,  e.  g.  periodic  influences,  guarantees  the  variability  of  song 
utterance. 
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Structure  and  Function  of  Antiphonal  Duets 

Dagmar  von  Helversen 

Duetting  —  a  vocal  ritual  perform ed  either  simultaneously  or  alternatively  by  the 
Partners  of  a  pair  -  is  a  characteristic  vocalization  in  many  species  of  birds.  Despite 
occasional  transitions,  duetting  should  be  differentiated  from  both  simple,  reciprocal 
contact-callmg  and  from  soft,  partner-directed  tones  of  “intimacy”  and  “tenderness”. 

As  with  all  considerations  of  function  in  biology  (Bock  &  v.  Wahlert  1965),  the 
question  about  the  function  of  duetting  has  two  aspects:  (1)  what  is  the  ecological  function, 
the  biological  role  of  duetting  and  (2)  how  does  such  a  complex  coordination  in  the 
behaviour  of  two  animals  work,  how  is  such  a  System  constructed? 

The  ecological  role 

The  fact  that  duetting  has  repeatedly  evolved  independently  in  phylogenetically  separate 
hnes  indicates  that  a  strong  selective  pressure  is  active.  Duetting  is  obviously  part  of  a 
uniform  syndrome  which  includes  monogamy,  very  often  monomorphy  of  the  sexes  and  a 
pantropical  distribution  (e.g.  in  East  Africa  approximately  10-15%  of  all  bird  species 
perform  duets  (Payne  1971),  whilst  in  temperate  zones  duetters  are  the  exception:  for  lists 
of  duetting  species  see  Thorpe  1972  and  Kunkel  1974).  Almost  all  explanations  for  the 
biological  significance  of  duetting  which  have  been  put  forward  so  far  are  not  mutually 
exclusive  but  rather  are  capable  of  being  simultaneously  applicable.  One  should  therefore 
expect  that,  despite  the  syndrome  character  of  this  phenomenon,  various  functions  receive 
different  emphasis  in  different  species.  In  the  following,  a  Compilation  of  the  most 
important  hypotheses  for  the  ecological  significance  of  duetting  is  presented,  followed  by  a 
brief  analysis. 

(1)  Acoustical  contact  in  dense  Vegetation  (Thorpe  1963,  1972)'-' 

(2)  Ritualized  appeasement  of  aggression  between  the  partners  (Kunkel  1974) 

(3)  Transfer  of  Information  (in  the  sense  of  messages)  (Seist  &  Wickler  1977) 

(4)  Isolation  mechanism  (Diamond  &  Terborgh  1968,  Wickler  &  Uhrig  1969) 

(5)  Protection  from  predation  (Harcus  1977) 

(6)  Recognition  of  sex  (by  means  of  vocal  sexual  dimorphism)  (Hooker  &  Hooker 
1969) 

(7)  Synchronization  of  reproductive  behaviour  (Dilger  1953) 

(8)  Strengthening  of  the  pair  bond  (Armstrong  1963) 

(9)  Territorial  display  (Diamond  &  Terborgh  1968,  Seist  &  Wickler  1977) 

For  all  these  interpretations  it  is  just  not  possible  to  exclude  that  duetting  -  at  least  for 
the  one  or  the  other  species  -  possesses  one  or  more  of  the  proposed  functions,  even  if  only 


I  have  tried  to  eite  the  authors  stating  the  particular  hypotheses  especially  accentuated.  Further  detailed  discussions 
can  be  found  in  Immelmann  1961,  Payne  &  Skinner  1970,  Todt  1970,  Payne  1971,  Wickler  1976,  etc. 
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VON  Helversen:  Antiphonal  Duets 


683 


to  a  minor  extern.  But  which  function  is  likely  to  be  the  general,  primary  driving  selective 
force  of  selection  in  the  evolution  of  duetting?  At  this  point  we  can  exclude  hypothesis  (1), 
since  most  duet-singers  live  in  biotopes  characterized  by  good  visibility  or  since  the 
Partners  fly  together  before  they  Start  duetting  (Payne  &  Skinner  (1970),  Kunkel  (1974). 
Furthermore,  Wickler’s  (1976)  considerations  seem  to  me  to  be  the  decisive  objection  to 
all  explanations  except  (9):  duets  are  much  too  loud  to  be  of  significance  solely  to  the  mate. 
This  type  of  communication  could  be  achieved  adequately  by  quiet,  less  obvious 
behaviour,  which  does,  in  fact,  occur.  There  is  probably  a  considerable  selective  pressure 
against  unnecessary  loudness  (because  of  hazards  due  to  increased  pressure  from  enemies 
(Marler  1955)  and  the  squandering  of  energy).  On  the  other  hand,  it  is  also  obvious  that  a 
territorial  pair  can  best  demarcate  its  territory  together:  since  mated  males  defend  their 
territories  more  decisively  than  unmated  males  and  also  more  effectively  since  the  partner 
can  help  in  a  critical  Situation,  they  should  let  a  potential  rival  know  as  soon  as  possible 
that  they  are  mated.  The  simplest  way  of  doing  this  is  to  perform  the  territorial  song  m  the 
form  of  a  duet.  -  It  is  thus  obvious  that  territoriality  combined  with  permanent  monogamy 
(which  are  especially  prevalent  m  tropical  areas  and  which  spare  conspicuous  sexual 
dimorphism,  thus  resultmg  in  the  syndrome  mentioned)  does  indeed  provide  a  starting 
point  to  develop  duetting. 

Possibly  then  duetting  was  a  precondition  for  one  or  the  other  function  mentioned 
above,  which  secondarily  may  have  become  significant.  For  instance,  defending  the 
territory  together  could  simultaneously  serve  to  strengthen  the  bond  between  the  partners 
(in  a  fashion  similar  to  the  “pseudo-attacks”  of  grey  geese  (Lorenz  1935)).  Additionally, 
the  pair-bond  is  also  maintained  by  the  high  degree  of  mutual  coordination  and 
habituation  which  is  elaborated  during  a  long  process  by  partners  who  are  mitially  stränge 
to  one  another  (Thorpe  &  North  1965).  The  striking  universal  specificity  of  male-  and 
female-repertoires,  which  is  maintained  even  by  those  duet-singers  having  the  richest  and 
most  complex  duets,  should  be  advantageous  in  quickly  recognizing  the  sex  of  a 
conspecific. 

The  structure  of  duets 

Duetting  occurs  in  a  variety  of  structural  complexity,  ranging  from  simple  calls  repeated 
more  or  less  precisely  to  highly  elaborate  duets  consisting  of  a  rieh  repertoire  of  elements, 
which  the  partners  develop  into  pair-specific  motives.  This  series  of  piogressively 
increasing  complexity  is  definitely  not  an  evolutionary  improvement,  but  rather  it 
demonstrates  that  duetting  has  evolved  repeatedly  and  independently  from  different 
evolutionary  stages  of  bird  song.  The  following  examples  (chosen  more  or  less  arbitrarily) 
serve  to  illustrate  different  grades  of  complexity: 

(a)  In  the  simplest  case,  the  male  and  the  female  each  can  make  use  of  only  one 
species-(or  population-)  specific  call  or  motive.  In  the  duets  of  many  barbets,  for  instance, 
these  calls  are  repeated  many  times  with  more  or  less  exact  timing  (Payne  &  Skinner 
1970).  A  section  from  the  stereotyped  duet  of  Trachyphonus  d  arnaudi  is  given  in  Fig.  la. 

(b)  A  second  example  is  provided  by  the  duet  of  the  White-browed  Robin  Chat, 
Cossypha  heuglini  (Fig.  Ib).  In  this  species,  the  male  has  at  its  disposal  a  considerable 
number  of  different  motives  whose  sequence  approximately  corresponds  to  the  so  o  song 
of  thrushes  (Todt  1970a;  Todt  &  Hultsch  1980).  The  female’s  contnbution  to  the  duet 
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IS,  in  essence,  just  one  shrill,  sharp  scream,  whose  frequency  is  somewhat  higher  than  that 
of  the  male  motives.  The  female  can  adjust  the  rhythm  of  its  call  to  fit  the  male-part 
(Thorpe  1972,  Wickler  1974). 

(c)  The  third  stage  is  represented  by  those  duet-singers  which  have  large  repertoires  of 
elements  available  to  both  partners.  This  multiplicity  of  elements  gives  rise  to  a  new 
dimension  of  complexity:  the  fashion  in  which  these  elements  are  combined  in  the  duet. 


Figure  1.  Excerpts  from  duets  of  four 
duetting  species;  the  part  of  one  partner 
is  shown  in  white,  that  of  the  other  in 
black. 

a)  Trachyphonus  d’arnaudi  usamhiro 

b)  Cossypha  heuglini  (courtesy  of  D. 

Todt) 

c)  Laniarius  funehris  (courtesy  of  W. 

Wickler) 

d)  Dicrurus  adsimilis 


In  the  case  oi  Laniarius  funehris  (Fig.  Ic)  a  pair  has  several  distinct  motives  characterized 
by  the  type  and  combination  of  two  to  three  elements.  Whereas  neighbouring  pairs  have 
most  of  their  elements  in  common,  the  combination  of  elements  is  in  many  cases 
pair-specific,  as  Wickler  (1972)  could  demonstrate  by  comparing  the  amount  of  overlap 
of  elements  and  duet-motives  among  three  neighbouring  pairs  of  these  shrikes.  This  result 
is  shown  in  Fig.  2:  Particular  combinations  of  elements  occur  in  the  duets  of  only  one  of 
the  three  pairs  (and  very  regularly  in  this  pair).  They  do  not  appear  in  the  duets  of  the  other 
pairs  although  they  use  the  same  element-types,  but  in  different  combinations. 

Whereas  in  L.  funehris  usually  two  to  four  elements  form  a  motive  which  is  repeated 
over  and  over  again,  the  duet  of  the  African  Drongo,  Dicrurus  adsimilis,  is  a  very  complex 
series  of  many  different  elements  given  alternatively  by  male  and  fermale  (Fig.  Id).  The 
repertoire  of  a  pair  may  comprise  more  than  70  elements  between  which  complicated 
sequential  relationships  exist. 
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Figure  2.  Elements  (a)  and  element-combinations  (b)  in  the  duets  of  three  neighbouring  pairs  of 
Laniarius  funebris.  Each  circle  compnses  the  elements  (or  element-combinations)  used  by  one  pair.  O 
combinations  which  are  pair-specific  because  of  the  use  of  an  mdividuum-specific  element;  □ 
pair-specific  combinations  of  elements  available  to  two  pairs;  □  pair-specific  combinations  of 
elements  common  to  all  three  pairs  (from  Wickler  1972,  modified). 

Information  transfer  in  the  duet 

If,  in  a  duet,  one  bird  by  presenting  its  own  elements  changes  the  probability  of 
appearance  of  elements  in  its  partner’s  song  (because  the  partner  answers  him),  then  there 
has  been  a  transfer  of  information  between  the  partners.  This  does  not  mean  that  this 
information  has  a  concrete  meaning,  i.  e.  that  it  is  a  message  for  the  recipient;  the  transfer 
of  information  is  only  a  pre-condition  for  the  transfer  of  messages. 

An  analysis  of  the  matrices  containing  transition  frequencies  of  elements  of  both 
Partners  in  a  duet  -  for  all  cases  studied  so  far  -  has  revealed  a  highly  significant  deviation 
from  a  random  sequence.  This  nonrandom  distribution  may  not  be  due  solely  to  mutual 
responding  but  may  be  also  due  to  the  bird’s  endogenous  program  (“Eigenprogramm”), 
i.  e.  the  sequence  of  elements  which  is  intrinsically  preferred  by  each  singer.  The  extent  of 
these  simultaneously  present  influences  may  be  different  in  both  birds  (v.  Helversen  & 
Wickler  1971). 

The  following  examples  demonstrate  these  two  components.  The  effect  of  answering  is 
particularly  evident  in  the  duets  of  Laniarius  funebris,  studied  by  Wickler  (1972).  The 
highly  significant  nonrandomness  already  present  in  the  succession  of  the  first  two  elements 
of  a  duet  can  only  be  explained  by  a  specific  reaction  of  the  partner  to  the 
introductory  element  of  his  mate.  The  influence  of  the  endogenous  program  in  these 
shrikes  is  mainly  limited  to  the  preferred  repetition  of  the  same  element,  as 
Wickler  was  able  to  show  usmg  long  senes  of  calls  from  a  single  smgmg  bird. 

In  the  duets  of  the  White-crested  Jay  Thrush  (Garrulax  leucolophus)  endogenous 
program  and  response-tendencies  superimpose  much  more  obviously.  The  duet  of  this 
species  consists  of  a  relativ ely  short  phrase  (approximately  3-4  s,  consisting  of  20-30 
elements);  the  course  of  the  phrase  is  almost  entirely  preset.  Since  for  the  various  elements 
the  probability  of  occurrence  changes  during  the  duet,  the  duet  was  termed  a  non 
stationary  process”  by  Soucek  &  Vencl  (1975)  (cf.  Wickler  1976).  But,  in  terms  of  the 
two  influences  discussed,  this  could  mean  that  only  the  endogenous  component  is 
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responsible  for  the  preset  progression  of  the  duet,  whereas  the  reply-component  may  be 
entirely  stationary:  at  any  position  in  the  duet  a  bird  may  use  the  same  element  for  an 
answer  to  a  certain  element  of  the  partner.  This  seems  to  be  true  for  the  male  element  M24, 
which  has  a  “switching  function”  and  moves  the  duet  forwards  or  backwards  to  “phase 
III”  (Vencl  &  SoucEK  1976). 

In  the  Drongo,  too,  both  components  determine  the  occurrence  of  a  specific  element. 
Whether  a  certain  element  is  more  endogenously  programmed  or  whether  it  is  more  likely 
to  be  an  answer  to  a  partner’s  element  can  be  checked  by  using  triplet  combinations.  For 
instance,  in  the  transition  matrix  Aj  Aj  (Fig.  3)  element  A28  often  occurs  after  the 
combination  A28-B23.  Is  A28  linked  more  to  the  singer’s  own  preceding  element  or  to  the 
partner’s  B23?  If  element  A28  is  linked  to  the  own  preceding  element  one  should  expect 
that  the  probability  of  occurrence  is  independent  from  the  partner’s  element  in  between. 
The  expected  values  can  be  calculated  for  the  sequences  A28-B23-A28  and  A28-Bk-A28 
and  can  be  compared  to  the  values  in  the  matrix.  The  X-test  reveals  that  the  hypothesis 
“A28  linked  exclusively  to  the  own  previous  element”  is  not  true  (P  =  0.0005)  i.  e. 
element  B23  has  an  influence  on  the  partner’s  element. 
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Figure  3.  Transition  matrix  Aj  Aj.  The  element-pairs 
Aj  Bk  are  followed  by  the  elements  Aj  with  the  given  frequen- 
cies.  In  Br  all  elements  used  by  bird  B,  except  B23,  are 

summarized. 


One  can  recognize  the  fluctuation  between  “leading”  and  “responding”  particularly 
well  if  one  observes  the  way  in  which  one  bird  “proposes”  a  new  group  of  elements 
(v.  FIelversen  &  Wickler  1971).  Düring  a  continuously  recorded  series  of  duets,  the 
Drongos  changed  over  to  new  elements,  one  could  say  to  a  new  theme,  in  the  llth  duet. 
The  way  in  which  this  happened  is  very  instructive.  Up  to  the  llth  duet  bird  A  had  sung 
only  the  elements  AlO,  A16,  A18,  and  A26;  bird  B  had  employed  a  repertoire  containing  7 
elements.  The  llth  duet  Starts  with  two  elements  B20  and  B21  to  which  bird  A  does  not 
reply.  (Twice  previously  these  two  elements  had  not  been  answered,  thus  causing  the  end 
of  the  duets).  The  third  call  from  B  introduces  a  new  element,  B6.  Bird  A  replies  to  B6 
with  element  A30  which  had  likewise  not  yet  been  used  -  and  from  this  moment  on,  bird  A 
has  switched  into  a  completely  different  part  of  its  repertoire.  It  doesn’t  sing  any  of  the 
elements  used  in  the  preceding  10  duets  but  uses  only  the  three  elements  A30,  A76  and  A25 
instead.  Bird  B  introduces,  in  addition  to  B6,  four  new  elements,  thereby  forsaking 
virtually  all  of  the  elements  which  had  been  sung  previously.  Obviously  only  element  B6 
provided  the  necessary  associations  for  the  “proposed”  theme,  whereas  B20  and  B21 
didn’t  give  an  adequate  entrance. 
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This  example  shows  how  one  element  can  sufflce  to  cause  the  partner  to  switch  to  a  new 
part  of  his  repertoire.  It  also  clemonstrates  how  attentively  each  partner  takes  note  of  what 
his  mate  sings,  since  it  can  react,  i.  e.  “answer”  within  a  few  tenths  of  a  second.  Maybe  we 
should  think  of  responding  as  “switching”  in  general,  as  tuning  into  a  particular  portion  of 
the  repertoire,  whereby  each  element  is  connected  by  a  multiplicity  of  associations  to  its 
own  neighbouring  elements  and  to  those  of  the  partner. 
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Figure  4.  Excerpts  from  solo-song  (a),  duet-song  (b)  and  counter-song  (c)  of  the  Anteater  Chat 
Myrmecocichla  aethiops.  bj,  62:  motives  which  are  repeated  by  each  partner  in  the  course  of  the  duet. 
Düring  the  counter-song,  males  tend  to  sing  identical  motives.  —  Lower  trace:  continuous  recording 
using  a  real-time  spectrum  analyzer  whose  output  modulated  the  intensity  of  an  oscilloscope-beam. 
Upper  trace:  simultaneous  recording  of  the  amplitude  modulation.  (I  gratefully  acknowledge  Fl.-U. 
Schnitzler’s  kind  help  and  advice  with  these  recordings). 


Perspectives 

Up  until  now,  virtually  only  descriptive  investigations  and  only  few  experimental 
analyses  of  duet-singing  have  been  undertaken.  The  questions  concerning  the  ecological 
significance  (territorial  function,  pair-bonding)  are,  in  essence,  suited  to  an  experimental 
approach  (cf.  Todt  1975,  Harcus  1977,  Wiley  &  Wiley  1977).  Beyond  this,  investi¬ 
gations  in  the  following  areas  have  been  started:  1)  the  ontogeny  of  duetting  (Thorpe 
1972,  Anzenberger  1974,  Tyroller  1974);  how  does  a  particular  pair  practise  and 
improve  its  duets?  How  does  the  complete  sexual  specificity  of  the  repertoires  come  into 
being?  2)  The  relationships  of  duetting  to  chorus-singing  have  been  studied.  What  is  the 
ecological  significance  of  chorus-singing  performed  by  many  tropical  species  of  birds? 
Preliminary  observations  indicate  that  the  Anteater  Chat  Myrmecocichla  aethiops  could  be 
a  particularly  good  subject  for  the  study  of  these  questions.  These  chats,  which  live  in 
social  groups,  demonstrate  within  one  species  different  types  of  songs:  The  males  perform 
a  typical  turdid  solo  song  which  is  only  given  before  dawn  (Fig.  4  a).  Countersinging  is 
very  typical  at  this  time;  two  or  even  three  males  sitting  about  50  m  apart  tend  to  sing 
identical  motives  (Fig.  4  c).  As  dawn  breaks,  the  group  flies  together  and  Starts  duetting 
(Fig.  4  b).  In  addition,  from  time  to  time,  the  group  congegates  at  different  locations,  and, 
as  if  in  response  to  a  command,  at  once  begins  a  loud  chorus-song.  Presently  one  can  only 
guess  about  the  function  of  the  different  types  of  song.  It  probably  is  concerned  with  the 
stabilization  of  the  group,  pair-bonding  within  the  group,  and  territorial  demarcation  of 
the  group  as  a  whole. 
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Structure  and  Function  in  Great  Tit  Song 

J.  R.  Krebs  and  M.  L.  Hunter 
Introduction 

The  song  of  the  male  Great  Tit  (Parus  major)  consists  of  a  simple  repeated  phrase  of 
(usually)  between  two  and  six  notes.  The  song  is  repeated  m  short  bursts  of  variable  length, 
and  each  male  has  a  repertoire  of  song  types,  so  that  a  series  of  bursts  of  one  song  type  is 
usually  followed  by  a  switch  to  another  song  (Gompertz,  1961 ;  Krebs,  1976).  In  Southern 
England,  repertoire  size  normally  varies  between  one  and  six  songs.  Males  in  this  region 
Start  to  sing  in  late  December  or  early  January  when  spring  territories  are  first  defended, 
but  after  most  birds  have  paired,  and  song  continues  through  the  breeding  season  until  the 
young  hatch  out  in  late  May.  The  most  active  singing  period  is  usually  in  March  and  April 
(Hinde,  1952)  and  most  song  is  produced  in  the  early  morning  (Hinde,  1952;  Hunter, 
1978).  In  Great  Tits, song  is  primarily  a  male  vocalisation, but  females  sing  occasionallv,  for 
example  when  the  mate  is  away  from  the  territory;  we  will  not,  however,  discuss  female 
song. 

Our  aim  in  this  paper  is  to  describe  some  experiments  and  observations  designed  to 
investigate  the  followmg  questions:  (i)  Does  song  play  a  role  m  territorial  defence?  (ii)  Are 
song  repertoires  important  in  territorial  defence,  mate  attraction,  or  kin  recognition?  (iii) 
How  does  the  acoustic  environment  influence  the  structure  of  Great  Tit  song?  We  only 
have  space  to  review  the  results  in  brief,  and  more  detailed  accounts  are  published 
elsewhere  or  are  in  preparation. 

Song  and  territorial  defence 

As  we  have  mentioned,  male  Great  Tits  sing  most  during  the  territorial  season,  which 
suggests  that  song  may  play  a  role  m  mamtenance  of  territories.  This  is  commonly  assumed 
to  be  a  function  of  male  song  in  birds,  but  there  is  little  direct  evidence  for  the  idea. 

We  tested  the  hypothesis  that  song  is  a  territorial  signal  by  removing  pairs  from  their 
territories  in  mixed  deciduous  forest  in  the  spring,  and  occupying  the  empty  territories 
with  a  System  of  loudspeakers  broadcasting  song  (Krebs,  1977a;  Krebs  et  al.  1978). 
Previous  experiments  had  shown  that  empty  territories  in  deciduous  forest  are  soon 
reoccupied  by  new  pairs  or  unmated  mal  es,  some  of  which  came  from  suboptimal  habitat 
(farmland)  surrounding  the  study  area.  This  led  us  to  predict  that  empty  territories 
“occupied”  by  loudspeakers  would  be  invaded  more  slowly  than  control  territories  with 
no  sound  or  with  a  control  sound. 

The  experiments  were  all  done  in  a  6  ha  copse  of  mixed  deciduous  forest  near  Oxford, 
England.  In  each  experiment,  we  plotted  the  territories  of  all  the  pairs  (which  were  colour 
ringed)  in  the  copse  and  recorded  their  songs.  The  broadcasting  System  for  “occupying”  a 
territory  with  song  or  control  sound  consisted  of  a  Uher  4000  IG  tape  lecorder  equipped 
with  an  endless  loop  cassette  (c.  8  mins  at  19  cm  per  sec.)  linked  through  a  15  watt 
amplifier  to  four  loudspeakers.  Each  loudspeaker  was  at  the  end  of  a  50  m  cable  in  a 
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different  part  of  the  occupied  territory.  Düring  an  experiment,  the  playback  System  was 
arranged  to  operate  for  8  minutes  every  hour  from  dawn  to  dusk  (in  the  “repertoire 
experiments”  referred  to  later  the  tape  played  for  8  minutes  every  half  hour  for  three  hours 
after  dawn  to  simulate  the  early  moring  song  peak).  Düring  the  8-minute  cycle  each  of  the 
four  loudspeakers  was  activated  in  turn  for  2  minutes. 

The  experimental  procedure  was  to  remove  all  the  resident  pairs  on  one  morning  (as 
nearly  synchronously  as  possible),  and  continuously  observe  the  pattem  of  reoccupation  of 
the  control  and  experimental  territories.  The  control  territories  are  either  silent  or 
occupied  by  a  loudspeaker  System  playing  a  control  sound  on  the  schedule  described 
above. 

The  results  of  two  experiments  of  this  design  involving  a  total  of  six  experimental  and 
ten  control  territories  were  essentially  similar:  the  first  birds  to  invade  the  wood  always 
settled  in  the  control  areas  (irrespective  of  their  position  in  the  copse),  and  only  after  these 
areas  were  filled  did  birds  eventually  occupy  the  experimental  territories.  The  control 
territories  were  usually  occupied  within  a  day,  and  the  experimental  areas  were  fully 
occupied  only  after  two  or  three  days.  Our  conclusion  is  that  broadcast  song  is  an  effective 
“keep  out”  signal  in  the  short  term.  It  is  not  surprising  that  our  loudspeakers  failed  to  keep 
out  invaders  for  a  longer  time,  as  real  birds  normally  respond  with  song  or  chasing  when 
an  mtruder  enters  a  territory.  The  eventual  invaders  of  our  experimental  territories 
normally  started  their  occupation  after  tentative  singing  near  the  edge  of  the  experimental 
area. 


Song  repertoires:  Territory  defence,  sexual  selection  or  kin  recognition? 
Territory  defence: 

If  song  acts  as  a  territorial  keep  out  signal,  why  does  each  male  have  a  repertoire  of  song 
types?  One  possibility  is  that  repertoires  are  important  in  territory  maintenance.  For 
example  because  the  different  songs  could  be  used  in  different  contexts  (e.  g.  Lein  1973, 
Lemon,  1968;  Todt,  1970;  Todt  &  Hultsch,  1979)  or  because  the  repertoire  of  songs 
might  have  the  effect  of  deceiving  intruders  into  avoiding  an  area  by  simulating  the  sound 
of  several  occupants  (Krebs,  1977a,  b).  We  tested  whether  or  not  a  varied  repertoire  of 
songs  enhances  the  effectiveness  of  song  as  a  keep  out  signal  by  means  of  loudspeaker 
occupation  experiments  of  the  design  described  earlier.  In  this  case  we  compared  Controls, 
and  two  types  of  song  occupation:  single  songs  and  repertoires.  We  did  three  experiments 
involving  a  total  of  eleven  experimental  and  seven  control  territories.  In  all  three 
experiments,  the  sequence  of  invasion  of  empty  territories  was:  control,  single  song, 
repertoire.  Furth  er,  the  difference  in  time  to  occupation  of  the  single  song  and  repertoire 
areas  seemed  to  be  greater  when  the  repertoire  contained  more  songs.  This  experiment 
shows  that  song  repertoires  increase  the  effectiveness  of  song  as  a  keep  out  signal,  although 
it  is  not  yet  possible  to  say  exactly  why. 

Sexual  selection  and  kin  recognition 

Two  other  hypotheses  which  might  explain  why  Great  Tits  have  song  repertoires  are 
that  repertoires  are  favoured  by  sexual  selection  (e.  g.  Kroodsma,  1976;  1977)  and  that 
repertoires  facilitate  kin  recognition  (Triesman,  1978). 
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Although  male  Great  Tits  normally  pair  before  they  sing  most  intensively  in  the  spring, 
when  a  female  is  experimentally  removed,  the  amount  of  song  produced  by  a  male 
increases  by  up  to  20-fold  (Krebs  and  Cowie  unpub.).  Experimentally  produced  bachelor 
males  usually  obtain  a  new  mate  within  a  few  hours  after  which  their  song  rate  again 
declines.  Thus  it  seems  likely  that  song  can  be  important  in  mate  attraction  in  some 
circumstances.  Followmg  Fisher  (1958)  one  could  predict  that  if  females  prefer  males  with 
larger  song  repertoires,  these  males  should  be  mated  to  females  which  are  more  successful 
at  breeding.  We  analysed  two  correlates  of  breeding  success,  laying  date  and  clutch  size, 
there  was  no  evidence  for  the  predicted  effects  (Krebs  et  ah,  1978),  which  indicates  that 
repertoires  are  not  favoured  by  sexual  selection. 

Triesman  (1978)  suggested  that  learned  song  repertoires  might  be  a  mechanism  for  km 
recognition,  the  presumed  advantage  of  which  is  to  avoid  inbreeding  or  allow  kin-selected 
altruism  between  territorial  males.  Although  it  is  known  that  many  species  of  birds  learn 
their  songs,  there  is  virtually  no  evidence  m  favour  of  the  idea  that  birds  learn  song  from 
their  fathers  (Kroodsma,  1974).  We  tested  this  possibility  in  the  Great  Tit  by  examining 
the  song  repertoires  of  males  known  through  ringing  records  to  be  sons  or  fathers.  The 
analysis  involved  categorising  all  the  songs  in  a  population  (Marley  Wood,  near  Oxford) 
into  about  twenty  different  types,  and  any  conclusions  we  draw  rely  on  this  classification. 

The  analysis  consisted  of  calculating  the  mean  number  of  songs  shared  between  all  birds 
both  within  and  between  years,  and  then  comparing  the  mean  number  shared  between 
fathers  and  sons  with  the  mean  for  the  rest  of  the  possible  pair  combinations.  The  results 
showed  that  there  is  more  song  sharing  between  birds  m  the  same  breeding  season  than 
between  years.  Sons  do  not  share  more  songs  with  their  fathers  than  do  unrelated  birds 
between  successive  years.  There  is  also  no  clear  trend  for  songs  shared  between  sons  and 
fathers  to  be  more  similar  than  average  for  shared  songs.  We  conclude  that  learned 
repertoires  are  unlikely  to  provide  a  mechanism  for  kin  recognition  between  male  Great 

Tits. 

There  is,  however,  weak  evidence  suggestmg  that  female  Great  Tits  avoid  matmg  with 
males  which  share  songs  with  the  female’s  father.  This  is  bases  on  a  small  sample  size,  but  if 
confirmed  in  a  more  extensive  analysis  it  might  show  that  females  use  songs  as  a  means  of 
avoiding  mating  with  their  fathers.  It  is  not  clear,  however,  why  this  should  favour  the 
evolution  of  song  repertoires. 

In  summary,  there  is  evidence  that  song  repertoires  are  important  in  territory 
maintenance,  but  not  in  sexual  selection  or  kin  recognition. 


Geographical  Variation  and  the  significance  of  song  structure 

In  this  section  we  describe  how  the  structure  of  Great  Tit  song  is  related  to  the  acoustic 
environment.  The  effectiveness  of  song  as  a  long  distance  territorial  signal  depends  on  its 
transmission  through  the  environment,  so  we  hypothesised  that  individuals  living  in 
different  habitats  might  show  adaptations  to  the  local  acoustic  climate.  Our  approach  was 
to  compare  the  songs  of  Great  Tits  living  in  two  very  different  habitat  types,  by  recording 
songs  in  each  habitat  type  in  different  parts  of  the  Great  Tit’s  ränge.  We  predicted  that  if 
song  structure  is  influenced  by  habitat,  populations  living  in  the  same  sort  of  habitat  but  in 
different  places  should  have  similar  songs,  and  that  there  should  be  consistent  differences 
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between  songs  from  the  two  Habitat  types.  Morton  (1975)  and  Chappuis  (1971)  showed 
that  species  of  birds  livmg  in  tropical  forest  have  lower  pitched,  purer  songs  than  those  in 
more  open  country  and  they  suggested  that  this  difference  could  be  related  to  the  greater 
attenuation  of  high  pitched  sounds  in  forests.  We  tested  this  hypothesis  for  intraspecific 
variations  of  Great  Tit  song. 


Table  1 .  Characteristics  of  songs  of  woodland  and  forest  birds  measured  from  narrow  band 
sonograms,  made  with  a  Kay  6061  B  sonagram  using  the  FL2  and  linear  setting. 


N 

max.  freq. 

freq.  ränge 

no.  of  notes 

woodlands 

Spain 

111 

6461 

3098 

4.0 

Iran 

121 

6451 

3063 

3.1 

Greece 

94 

6476 

2888 

3.0 

Oxfordshire 

54 

6501 

3326 

3.0 

mean  woodlands 

6467 

3067 

3.3 

forests 

Sweden 

67 

5563 

1798 

2.3 

Norway 

30 

5748 

2307 

2.8 

New  Forest 

36 

5491 

2118 

2.4 

Poland 

102 

5806 

2272 

2.7 

mean  forests 

5681 

2118 

2.5 

We  recorded  songs  of  Great  Tits  in  four  places  where  the  birds  live  in  dense  forest 
(Southern  England:  51°  N,  2°  W;  Sweden:  59°  N,  16°  E;  Norway:  61°  N,  11°  E,  and 
Poland  53°  N,  24°  E)  and  four  places  where  they  live  in  open  woodland  or  parkland 
Habitats  (Spain;  35°  N,  6°  E;  Iran:  30°  N,  52°  E;  Greece  39°  N,  23°  E;  Oxfordshire  52°  N, 
1°  E).  We  also  measured,  for  each  habitat  type,  several  variables  which  could  influence 
transmission  of  songs:  (a)  Acoustic  attenuation  of  sounds  of  different  frequencies;  we 
broadcast  and  rerecorded  a  tape  at  sites  in  Spain  and  Poland.  The  tape  contained  26 
sounds,  including  artificial  tones  and  modulated  notes  covering  the  ränge  from  2.0  to  7.5 
Khz,  and  a  selection  of  Great  Tit  songs.  Broadcasting  and  recording  were  done  with 
Stellavox  SP7  tape  recorders,  a  Sennheiser  MKH  415  T  microphone,  a  polyplanar 
loudspeaker,  and  a  Nagra  DH  amplifier.  The  tests  were  done  at  a  height  of  5  m  on  days 
with  no  wind  during  the  first  two  hours  after  dawn.  Attenuation  at  40  m  was  analysed 
using  a  Plurimat  S  signal  analysis  Computer  which  computed  a  power  versus  frequency 
Spectrum  for  the  whole  tape.  (b)  Vegetation  density:  we  calculated  tree  canopy  volume 
from  plot  samples.  (c)  Territory  size:  we  estimated  the  distance  between  singing  males. 
(d)  Avian  song  community:  we  estimated  the  number  of  species  singing  frequently  in  each 
study  area,  as  an  index  of  potential  ‘sound  competition’.  We  only  counted  species  whose 
song  overlaps  in  frequency  ränge  with  that  of  Great  Tits.  (e)  Other  data:  we  also  noted  the 
meteorological  characteristics  (from  Standard  records)  and  body  size  of  the  birds  at  each 
study  area  (from  Snow  1953). 

The  most  important  differences  between  woodland  and  forest  songs  are  shown  in  Table 
1.  Forest  birds  sing  songs  of  lower  maximum  frequency,  narrower  frequency  ränge,  and 
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fewer  notes  than  those  of  woodland  birds.  It  is  remarkable  that  these  features  are  more 
similar  between  woodland  sites  separated  by  many  hundreds  of  kilometres  than  between 
forests  and  woodlands  much  closer  together.  Woodland  songs  clearly  converge  on  one 
general  pattem  and  forest  songs  on  another. 

Two  of  the  habitat  variables  we  measured  also  showed  a  particularly  strlking  contrast 
between  woodland  and  forests.  The  density  of  foliage  was  much  higher  and  the  territory 
size  much  larger  in  forests  than  in  woodlands.  Although  there  were  more  species  singing  in 
forest,  the  total  amount  of  song  as  estimated  by  dawn  counts  in  Spain,  Greece  and  Poland 
did  not  differ  significantly  between  the  two  habitat  types.  The  acoustic  attenuation  tests 
also  revealed  a  potentially  important  difference  between  woodland  and  forest.  In  the  latter 
habitat,  sounds  above  about  5.6  Khz  are  more  strongly  attenuated,  while  below  5.6  Khz 
there  is  little  difference  between  habitats.  This  coincides  well  with  an  observation  that 
forest  Great  Tits  tend  to  avoid  high  frequency  sounds:  woodland  Great  Tits  sing  twice  as 
much  as  forest  birds  in  the  ränge  5.6-8.00  Khz. 

Our  results  suggest  that  some  of  the  differences  between  forest  and  woodland  songs  can 
be  accounted  for  by  greater  attenuation  of  high  frequencies  in  forests.  The  larger  territones 
of  forest  birds  probably  also  place  a  premium  on  avoiding  high  frequencies,  which 
attenuate  rapidly  with  distance.  If  forest  songs  are  better  designed  than  those  of  woodland 
birds  for  long  distance  transmission,  there  must  be  some  counter  selection  pressure  in 
more  open  habitats  favouring  the  woodland  song  type.  We  suggest  that  this  is  unlikely  to 
be  that  high  frequencies  are  easier  to  produce,  but  perhaps  the  wider  frequency  ränge  and 
greater  complexity  of  woodland  songs  is  of  advantage  m  mate  attraction  or  territory 
maintenance. 
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Response  Characteristics  of  Auditory  Neurons  in  the  Cochlear  Ganglion  of 

the  Starling 

Geoffrey  A.  Manley 

This  paper  describes  data  obtained  from  microelectrode  recordings  from  the  eighth 
nerve  of  the  Starling,  in  co-operative  work  with  Dr.  H.-J.  Leppelsack  of  the  Ruhr  Uni- 
versity,  Bochum,  Federal  Republic  of  Germany.  A  new  surgical  approach  was  used, 
actually  an  adaptation  of  the  intra-cochlear  recording  technique  already  used  success- 
fully  in  mammals  and  lizards  (e.g.  Manley,  1977;  Robertson  &  Manley,  1974;  Weiss 
et  ah,  1976).  In  the  barbiturate-anaesthetized  bird,  the  middle  ear  was  opened  laterally 
and  a  hole  made  in  the  bone  overlying  the  recessus  scala  tympani.  Through  this  hole,  the 
cochlear  ganglion  was  visible  and  accessible  to  electrode  penetrations.  When  the  head 
was  held  firmly,  this  method  allowed  stable  recordings,  on  occasion  to  more  than  one 
hour.  Such  recording  times  often  permitted  us  to  collect  a  great  deal  of  Information 
from  individual  neurons.  The  technique  also  allowed  the  preselection  of  the  best  fre- 
quency  of  the  neurons  encountered,  according  to  their  location  in  the  cochlea.  Stimuli 
were  delivered  free-field  m  a  sound-isolated  anechoic  chamber.  Glass  micropipettes 
provided  excellent  signal-to-noise  ratios  and  presumably  recorded  from  Nodes  of  Ran¬ 
vier  near  the  cell  bodies  of  the  ganglion.  Data  are  reported  from  333  units  in  51  ani- 
mals. 

Both  regulär  and  irregulär  spontaneous  activity  was  encountered  (Manley  &  Leppel¬ 
sack,  1977).  All  regularly-firing  units  were  encountered  in  the  apical  area  of  the  gan¬ 
glion  and  did  not  respond  to  pure  tone  Stimuli  (at  least  up  to  80  —  90  dB  SPL  in  the  fre- 
quency  ränge  50  Hz  to  10  kHz).  Some  neurons  in  this  area  discharged  irregularly  but 
were  also  unresponsive  to  pure  tones  and  noise.  Similar  patterns  of  spontaneous  activ¬ 
ity  and  responsiveness  to  sound  have  been  described  for  the  eighth  nerve  of  the  cat 
(Walsh  et  ah,  1972).  Neurons  unresponsive  to  sound  were  presumed  to  be  innervating 
the  lagena  macula  and  were  not  further  studied.  This  would  mean,  of  course,  that  the 
lagena  macula  has  no  auditory  function.  Non-acoustic  units  had  spontaneous  rates 
between  5.6  and  167  spikes/s. 

All  units  sensitive  to  acoustic  Stimuli  showed  irregulär  spontaneous  activity,  with 
rates  from  4.9  to  149  spikes/s  and  an  average  of  43  spikes/s.  This  average  rate  is  higher 
than  that  reported  for  the  cat  (30/s)  but  lower  than  for  the  pigeon  (90/s)  (Sachs  et  ah, 
1974).  In  time  interval  histograms,  the  dead  times  and  modal  values  are  shorter  than 
those  described  for  the  guinea  pig  (Manley  &  Robertson,  1976),  and  the  decay  func¬ 
tion  is  faster  than  exponential.  At  this  point,  it  should  be  noted  that  no  electrical  Stimuli 
were  used  to  detect  units,  neither  were  swept-frequency  search  Stimuli  used.  Thus  units 
with  zero  spontaneous  discharge  which  did  not  respond  to  our  acoustic  search  Stimuli 
might  have  been  overlooked,  and  possible  pure-tone  insensitive  units  (Gross  &  Ander¬ 
son,  1976)  classified  as  non-acoustic. 

Spontaneous  data  was  analyzed  from  79  neurons,  22  with  characteristic  frequency 
(GF)  at  or  below  800  Hz.  Fifteen  of  these  22  showed  preferred  intervals  in  the  time 
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interval  histograms,  which  in  most  cases  corresponded  to  the  CF  period  (or  multiples 
of  it)  although  no  Stimuli  were  present.  That  this  is  not  a  highly  sensitive  response  to 
low-level  Background  noise  is  shown  by  the  fact  that  the  average  threshold  was 
53  dB  SPL  for  these  neurons.  These  intervals,  which  have  also  been  observed  in  data 
obtained  in  low  frequency  primary  fibers  of  the  Tokay  gecko  (Eatock,  Manley  & 
Pawson,  in  preparation)  may  be  a  manifestation  of  a  frequency  selectivity  built  into  the 
hair  cell/neuron  complex. 

Frequency-intensity  tuning  curves  were  obtained  for  128  neurons  using  an  audio-vis- 
ual  criterion  for  a  just  noticeable  increase  in  discharge  for  threshold.  CF’s  were 
between  200  Hz  and  5.4  kHz,  although  because  midrange  neurons  are  more  accessible, 
the  ränge  is  probably  wider.  High  CF’s  were  encountered  in  the  basal  region  of  the 
cochlea,  low  CF’s  apically.  This  frequency  distribution  is  as  in  mammals,  and  could  be 
predicted  from  Bekesy’s  mechanical  measurements  in  the  chicken  cochlea  (Bekesy, 
1960:  504  —  506).  Similarly,  the  lack  of  any  special  asymmetry  in  the  tuning  curve 
shape  (such  as  the  asymmetry  seen  in  mammals  at  all  CF’s)  could  be  expected  from 
these  basilar  membrane  resonance  curves.  Below  800  Hz,  almost  all  tuning  curves  were 
sharper  on  the  low  frequency  side,  but  above  800  Hz  about  60  %  were  sharper  on  the 
high  frequency  side.  At  this  stage  it  is  not  clear  to  what  extent  the  middle  ear  affects 
this  distribution.  Although  units  near  1  kHz  were  the  most  sensitive  (down  to  9  dB 
SPL)  their  QiodB  sharpness  coefficients  were  unexpectedly  low  (Manley  &  Leppelsack, 
1977,  Fig.  6),  due  mainly  to  a  tendency  for  the  low  frequency  slope  to  be  low.  It  is 
interesting  to  note  in  this  connection  that  Konishi  (1969)  found  an  exceptionally  good 
time-locked  response  of  bird  cochlear  nucleus  units  to  rapidly  repeated  clicks.  The 
broadness  of  the  filter  properties  of  most  of  these  units  may  be  involved  with  the 
requirements  for  high  time  resolution.  Many  of  the  components  of  bird  song  are 
extremely  short  and  rapidly  repeated.  This  question  requires  further  investigation.  The 
total  ränge  of  QiodB  values  was  0.8  to  9.6,  as  in  the  pigeon  (Sachs  et  ah,  1974).  It  is, 
however,  not  easy  to  directly  compare  the  tuning  curves  with  those  of  Sachs  et  ah, 
since  the  threshold  criteria  were  different  and,  according  to  their  data,  the  tuning  curve 
shape  alters  as  iso-rate  contours  are  plotted  for  different  rates.  In  our  data,  the  best 
thresholds  agree  very  well  with  those  obtained  in  the  Starling  cochlear  nucleus  (Ko¬ 
nishi,  1969).  Discharge  rates  in  response  to  pure  tones  were  very  high  (average  maxi- 
mum  near  300  spikes/s)  with  instantaneous  rates  during  the  initial  dynamic  phase  of 
the  response  of  near  500  spikes/s. 

In  56  neurons,  responses  to  species-specific  vocalizations  were  studied.  The  Stimulus 
consisted  of  a  1.5  minute  length  of  tape  containing  109  different  vocalization  compo¬ 
nents —  social  calls  and  portions  of  the  song.  This  tape  had  previously  been  used  by  Lep¬ 
pelsack  &  Vogt  (1976)  in  studying  the  selectivity  of  neurons  of  field  L  of  the  Starling 
forebrain  to  species-specific  vocalizations.  The  Stimulus  tape  was  played  at  different 
sound  pressures  in  10  dB  Steps  from  70  dB  (peak)  down  to  30  dB.  Responses  were  tape 
recorded,  photographed  later  from  the  oscilloscope  and  compared  to  the  oscillogram 
and  sonogram  of  the  individual  vocalizations.  These  Stimuli  were  analyzed  on  a  con- 
tour-forming  sonagraph,  so  that  a  fairly  accurate  idea  could  be  obtained  of  the  fre¬ 
quency-intensity  content  of  each.  In  comparing  these  sonagrams  with  the  pure-tone 
tuning  curve,  the  presence  or  absence  of  a  response  from  the  cell  could,  in  almost  every 
case,  be  predicted  from  the  tuning  curve  and  spectral  energy  content  of  the  vocaliza- 
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tion.  That  is,  the  cells  behaved  like  simple  filters.  A  typical  case,  to  illustrate  the  analysis 
techmque,  is  illustrated  in  Fig.  1.  In  only  two  cells  and  a  total  of  5  vocalizations  did  a 
response  clearly  fall  to  appear  (less  than  1  %  of  all  events).  This  failure  is  probably 
attributable  to  a  form  of  two-tone  or  multiple-tone  suppression.  Given  the  average 
shape  and  sharpness  of  a  tuning  curve  and  the  relatively  broad-band  nature  of  many  of 
the  vocalizations,  it  was  not  unexpected  to  find  that  cells  on  average  responded  to 
somewhat  less  than  half  the  vocalizations  (ränge  22  —  68  °/o)  at  70  dB  peak.  This 
defines  to  some  extent  the  mput  to  the  auditory  bram  centers  and  forms,  as  it  were,  a 
neural  baseline  to  which  the  responses  of  higher  centers  can  be  compared.  Thus,  in 
field  L  of  the  Starling  forebrain,  neurons  respond  on  average  to  15  °/o  of  species-spe- 
cific  vocalizations  (at  70  dB)  with,  however,  a  ränge  of  1  to  100  °/o  (Leppelsack  & 
Vogt,  1976). 


GC  31-3-2 


30  dB 


RH  kH7 


-I - 1 - 1 - ^ - 1 

1,0  2,0  3,0  A,0  [s] 


Figure  1.  Response  of  a  single 
neuron  to  a  few  species-specific 
vocalizations.  Upper  five  rows: 
neuron  discharge  in  response  to 
the  same  set  of  sounds  played  at 
five  different  intensities.  Below: 
a  contour  sonagram  of  the  four 
main  components  in  this  set. 
The  darkness  of  the  contour 
indicates  the  intensity  in  the  ori¬ 
ginal  song.  On  the  right  is  the 
cell’s  tuning  curve  plotted  on  the 
same  axis  as  the  frequency  axis 
of  the  sonagram.  At  the  bottom 
is  an  oscillogram  of  the  vocal¬ 
izations  and  a  time  scale.  It  can 
be  seen  that  only  low  frequency 
portions  of  the  song  evoke  a 
response  from  the  cell. 


In  summary,  in  the  cochlear  ganglion  the  vocalization  responses  can  be  predicted 
from  the  tuning  curve  with  very  high  accuracy  and  the  response  selectivity  is  low.  In 
field  L  of  the  forebrain  the  predictability  is  low  and  the  selectivity  high.  It  remains  to  be 
demonstrated  where  in  the  brain  this  neural  processing  occurs. 
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Three  lines  of  research  have  led  to  increasing  interest  in  the  avian  auditory  System. 
First,  a  large  body  of  knowledge  on  bird  vocalization  bas  generated  interest  in  relating 
behavioral  capacities  to  structure  and  function  of  the  auditory  pathways.  Second,  the 
unique  phylogenetic  position  of  Aves  as  a  second  offshoot  of  reptilian  lines  promises  to 
reveal  valuable  insights  regarding  the  origins  of  the  mammalian  auditory  System 
(Boord,  1969;  Mehler,  1974).  Finally,  the  avian  auditory  System  is  currently  used  in 
several  laboratories  as  an  advantageous  System  in  which  to  investigate  the  role  of  expe- 
rience  in  nervous  System  and  behavioral  ontogeny  (Gottlieb,  1976;  Rubel,  1978). 
Other  contributions  in  this  volume  discuss  avian  phylogeny  and  the  relationships 
between  bird  song  and  auditory  physiology.  In  this  paper  we  will  consider  the  qualities 
of  the  avian  auditory  System  which  lend  themselves  to  study  of  experiential  roles  in  ner¬ 
vous  System  ontogeny.  In  so  domg,  we  will  briefly  review  our  own  investigations  of 
brain  stem  auditory  nuclei  development  in  the  chick. 

Statement  of  the  problem 

There  can  be  little  contention  with  the  Statement  that  the  early  experience  of  an 
organism  can  influence  its  behavioral  and  physiological  development.  Although  some 
behaviors,  and  perhaps  some  species,  appear  more  resistant  to  fluctuations  in  the  envi- 
ronment,  either  qualitative  (e.g.,  imprinting)  or  quantitative  (e.g.,  song  recognition) 
influences  of  early  experience  have  been  discovered  for  most  behaviors  thoroughly 
investigated  (Newton  &  Levine,  1968).  Uncovering  the  neural  mechanisms  responsible 
for  experiential  modulation  of  behavior  development  has  been  difficult,  however. 
While  examples  of  morphological,  biochemical,  and  physiological  changes  in  the  neiw- 
ous  System  of  animals  reared  in  restricted  environments  are  abundant  (Gottlieb, 
1978),  the  causative  chain  of  events  relating  nervous  System  development  to  experien¬ 
tial  factors  is  far  from  understood.  At  least  one  reason  for  this  lack  of  mechanistic 
Information  is  that  there  has  been  little  attempt  to  operationally  define,  in  terms  that 
can  be  applied  to  neurons  and  neural  Systems,  what  is  meant  by  “experiential  modifica- 
tions.”  For  example,  it  is  now  well  known  that  monocular  deprivation  of  form  vision 
will  lead  to  dramatic  changes  in  the  distribution  of  ocular  dominance  of  neurons  in  the 
cat  and  monkey  visual  cortex.  However,  we  do  not  know  how  that  manipulation  of  the 
organism’s  interaction  with  the  external  environment  alters  the  cellular  milieu  of  visual 
System  neurons.  In  other  words,  while  it  is  known  that  monocular  form  deprivation 
leads  to  distinct  changes  in  the  distribution  of  light  impinging  on  the  retinal  surface, 
how  this  is  translated  into  chronic  changes  in  the  environment  of  the  neurons  in  the 
cerebral  cortex  remains  unknown.  Stated  more  generally,  in  Order  to  unterstand  the 
mechanisms  underlying  experiential  modulation  of  neural  development  it  is  necessary 
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to  define  the  difference  between  the  “normal”  and  the  “altered”  environment  of  the 
neurons  under  Investigation.  Some  chronic  or  tonic  change  in  the  environment  of  the 
brain  regions  that  are  influenced  by  early  experience  must  underlie  these  phenomena. 

Viewed  in  this  way,  the  problem  of  understanding  how  alterations  in  early  experi¬ 
ence  influence  neural  ontogeny  is  subsumed  under  the  general  problem  of  tissue  inter- 
actions  in  the  developing  nervous  System.  Specifically,  during  ontogeny,  as  a  result  of 
receptor  development  and  synaptic  formation  along  neuronal  networks,  the  neuronal 
environment  becomes  subject  to  both  phasic  and  tonic  changes  in  the  external  environ¬ 
ment  of  the  organism.  Modifications  of  “normal”  experience  must  have  differential 
influence  on  the  ontogeny  of  neuron  structure  and  function  by  producing  some 
change,  qualitative  or  quantitative  in  the  afferent  input  to  the  neurons  under  investiga- 
tion.  Thus,  integral  to  understanding  the  mechanisms  by  which  the  early  experience  of 
an  organism  influences  neural  development  is  documenting  the  effects  of  manipulating 
the  integrity  and  the  activity  of  afferents  on  the  developmental  history  of  a  neural 
network. 

Qualities  of  a  model  System 

Given  the  complexity  of  the  nervous  System,  the  task  of  defining  the  ways  in  which 
afferent  input  influences  the  ontogeny  of  structure  and  function  appears  formidable. 
One  strategy  for  approaching  such  problems  has  been  the  careful  selection  of  a  prepa- 
ration  which  possesses  characteristics  particularly  advantageous  for  analysis  of  the  partic- 
ular  topic.  When  the  characteristics  of  a  “model  System”  have  been  clearly  defined, 
one  can  survey  a  variety  of  preparations  and  choose  the  one  which  most  closely 
approximates  an  “ideal”  preparation. 

A  “model  System”  for  the  analysis  of  environmental  influences  on  neural  develop¬ 
ment  should  possess  the  following  qualities; 

1.  Genetic  homogeneity.  Given  that  there  is  an  interaction  of  genetic  and  envi¬ 
ronmental  factors  in  virtually  all  developmental  events,  it  is  highly  desirable  to  use 
animals  of  similar  genetic  Constitution. 

2.  Homogeneity  of  the  embryonic  environment.  It  is  also  well  known  that 
variations  in  factors  such  as  circulating  maternal  hormones,  temperature,  etc.,  can 
have  both  quantitative  and  qualitative  influences  on  neural  and  behavioral  onto¬ 
geny  which  may  differentially  interact  with  experimentally-induced  modifications 
of  afferent  input. 

3.  Simple  structural  and  functional  Organization.  Ideally,  it  is  desirable  to 
have  only  one  or  two  inputs  to  a  small  set  of  neurons,  each  of  which  could  be 
structurally  and  functionally  defined  and  each  of  which  could  be  quantitatively 
manipulated  along  a  continuum  from  no  afferent  input  to  supranormal  afferent 
input.  In  addition,  the  neuronal  pool  should  be  sufficiently  limited  and  well 
defined  that  both  structural  and  functional  Identification  of  any  subset  in  possible 
throughout  development. 

4.  Access  to  the  preparation  throughout  development.  It  should  be  possi¬ 
ble  to  manipulate  the  quantity  or  quality  of  afferent  input  at  any  stage  of  develop¬ 
ment  and  assess  the  functional  and  structural  consequencies  of  such  manipula- 
tions.  Ideally,  it  would  be  desirable  to  be  able  to  perform  manipulations  of  afferent 
activity  both  in  vivo  and  in  vitro  while  the  neuronal  System  is  developing. 
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5.  Direct  access  through  peripheral  receptor  System.  Since  variations  in 
the  sensory  environment  can  produce  neuronal  and  behavioral  modifications  du- 
ring  development,  it  would  be  desirable  if  definable  variations  in  afferent  activity 
could  be  produced  through  these  biologically  relevant  pathways. 

6.  Behavioral  analog.  To  insure  that  the  dimension  along  which  afferent  input  is 
being  manipulated  in  Order  to  produce  neuronal  modifications  is  biologically 
meaningful,”  it  is  desirable  to  determine  if  similar  manipulations  will  produce 
functional  changes  in  the  organism’s  behavior. 


Avian  brain  stem  auditory  pathways 

The  above  considerations  led  us  to  the  avian  brain  stem  auditory  System.  Nucleus 
magnocellularis  (NM)  and  nucleus  laminaris  (NL),  which  comprise  2nd-  and  3rd-order 
auditory  neurons,  respectively,  appear  to  be  uniquely  suited  to  investigations  of  the  role 
of  afferents  in  neuronal  development  and  maintenance.  Our  initial  investigations 
(Rubel  &  Parks,  1975;  Parks  &  Rubel,  1975  and  1978)  were  primarily  intended  to 
provide  detailed  structural  and  functional  Information  on  the  Organization  of  this  Sys¬ 
tem.  We  then  described  the  normal  morphological  development  of  NM  and  NL  at  the 
light  microscope  level  (Rubel  et  ah,  1976).  We  are  currently  extending  these  observa- 
tions  with  additional  neurophysiological  and  morphological  analyses  of  normal  Organi¬ 
zation  and  development  (Smith  &  Rubel,  1977;  Jackson  et  ah,  1978).  Finally,  we  have 
begun  to  describe  how  modifications  of  afferent  input  can  alter  the  development  and 
maintenance  of  the  normal  neuronal  elements  in  this  System  (Parks  &  Robertson, 
1976;  Parks,  1978;  Jackson  &  Rubel,  1976;  Benes  et  ah,  1977;  Parks  &  Rubel,  1977). 
In  the  following  account  we  will  briefly  describe  the  results  of  some  of  these  investiga¬ 
tions.  Our  emphasis  will  be  to  demonstrate  how  the  characteristics  of  this  neural  System 
make  it  appropriate  for  further  analysis  of  the  roles  that  afferent  information  may  play 
in  the  ontogeny  of  neural  structure  and  function. 

The  major  avian  brain  stem  auditory  pathways,  first  described  in  detail  by  Cajal 
(1908),  are  schematically  shown  in  Figure  1.  Axons  of  the  cochlear  ganglion  cells  enter 
the  dorsolateral  quadrant  of  the  medulla  and  bifurcate  into  medial  and  lateral  bundles. 
The  lateral  axon  branches  terminate  in  a  cochleotopic  manner  in  nucleus  angularis 
(NA),  which  is  composed  of  mixed  cell  types  lying  in  the  dorsolateral  angle  of  the 
medulla.  The  medial  branches  of  the  Vlllth  nerve  fibers  course  along  the  floor  of  the 
fourth  ventricle  (IV)  to  terminate  in  NM.  NM  is  a  well-defined  duster  of  3800  —  4200 
large  round  or  ovoid  cell  bodies  which  are  either  devoid  of  dendrites  or  have  short, 
bushy,  rudimentary  dendrites.  The  cells  are  organized  into  dorsoventral  columns  with 
Vlllth  nerve  afferents  coursing  between  the  columns  and  terminating  on  the  cell  bodies 
as  large  endbulbs.  Another  input  to  the  NM  cells  is  of  unknown  origin,  but  may  derive 
from  axon  collaterals  of  other  NM  cells  (Jackson  et  ah,  1978).  As  shown  in  Figure  1, 
NL  in  chickens  is  composed  of  a  discrete  monolayer  sheet  of  1200—1600  cell  bodies 
with  bipolar  dendritic  Orientations.  NL  cells  receive  binaural,  spatially-segregated 
Innervation  from  the  magnocellular  nuclei;  axons  from  NM  pass  in  the  uncrossed  dor¬ 
sal  cochlear  tract  to  innervate  the  dorsal  dendrites  and  cell  bodies  of  the  ipsilateral  NL, 
and  decussate  in  the  crossed  dorsal  cochlear  tract  to  inneiwate  the  ventral  dendrites  and 
cell  bodies  of  the  contralateral  NL.  No  other  inputs  to  NL  have  been  observed.  This 
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relatively  simple  structural  Organization,  the  accessibility  of  avian  embryos  for  neuro- 
physiological  studies  or  peripheral  manipulations,  and  the  possibilities  for  precise  con- 
trol  over  the  acoustic  environment  of  embryos  and  hatchlings  has  warranted  further 
investigation  of  the  functional  Organization  of  NM  and  NL. 


Figure  1.  Schematic  drawing  showing  the  projections  from  the  cochlea  via  the  cochlear  ganglion 
to  n.  angularis  (NA)  and  n.  magnocellularis  (NM);  and  the  spatially  segregated,  bilateral  projec¬ 
tions  from  n.  magnocellularis  to  n.  laminaris  (NL).  IV— 4th  ventricle  (from  Rubel,  Smith  & 

Miller,  1976). 

Neurophysiological  examination  of  these  nuclei  and  analysis  of  the  projections  from 
NM  to  NL  revealed  the  following  properties.  NM  cells  respond  only  to  a  narrow  ränge 
of  frequencies  played  to  the  ipsilateral  ear.  The  cells  display  sharp  excitatory  tuning 
curves,  primary-type  response  histograms,  and  always  have  a  definable  characteristic 
frequency.  Auditory  nerve  Stimulation  evokes  only  exitatory  postsynaptic  potentials 
with  little  convergence  of  auditory  nerve  fibers  on  individual  NM  cells.  The  cells  form 
isofrequency  columns,  in  which  all  cells  respond  to  a  similar  characteristic  frequency; 
the  physiologically-defined  columnar  Organization  corresponds  to  anatomically 
observed  cell  columns.  NL  cells  are  binaurally  activated  by  acoustic  Stimuli  and  usually 
show  similar  characteristic  frequencies  and  thresholds  to  Stimulation  of  each  ear.  That 
is,  NL  neurons  are  maximally  activated  by  the  same  frequency  ränge  applied  to  either 
ear.  In  other  respects,  extracellular  responses  in  NL  are  similar  to  NM  neurons.  Intra¬ 
cellular  recordings  display  graded  EPSP’s  of  long  duration.  The  Organization  of  neu¬ 
rons  in  both  nuclei  is  characterized  by  a  highly  stereotyped  tonotopic  Organization; 
cells  maximally  responsive  to  low  frequencies  are  situated  in  the  caudolateral  aspect  of 
each  nucleus  and  higher  frequencies  activate  cells  at  progressively  rostromedial  posi- 
tions.  This  tonotopic  Organization  is  sufficiently  stereotyped  that  quantitative  analyses 
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of  the  relationships  between  the  position  of  a  cell  in  each  nucleus  and  its  characteristic 
frequency  allow  accurate  prediction  of  this  functional  characteristic  (within  200 
400  Hz)  from  positional  information  alone.  The  utility  of  this  property  is  that  it  allows 
independent  prediction  of  the  normal  characteristic  frequency  of  a  neuron,  which  can 
be  compared  to  results  obtained  as  a  function  of  manipulations  of  a  oiganism  s  acoustic 
environment. 

By  making  small  lesions  in  NM  through  tungsten  microelectrodes  after  recording  the 
characteristic  frequency  of  cells  in  the  lesioned  area,  and  by  both  intiacellular  and 
extracellular  injections  of  horseradish  peroxidase,  we  have  been  able  to  further  dehne- 
ate  the  organization  of  the  bilateral  projections  from  NM  to  NL.  There  is  a  precise 
tonotopic  and  topographic  projection  from  each  region  of  NM  to  the  dorsal  side  of 
ipsilateral  NL  cells  and  the  ventral  aspect  of  neurons  in  the  corresponding  position  on 
the  other  side  of  the  medulla.  Furthermore,  Golgi-stained  tissue  has  revealed  that  the 
dendrites  of  NL  cells  are  confined  to  the  glia-free  margin  surrounding  the  cellular  lami- 
na  and  are  qualitatively  and  quantitatively  similar  on  the  two  sides  of  NL  m  any  fre¬ 
quency  region  of  the  nucleus.  These  results  allow  precise  delineation  of  the  receptive 
cell  surfaces  of  NL  neurons  as  well  as  unusually  precise  specification  of  the  source  and 
functional  properties  of  mput  to  each  dendritic  surface  of  the  neurons. 

The  first  major  morphogenetic  event  to  be  considered  m  the  analysis  of  any  neural 
region  is  the  developmental  stage  and  duration  of  time  during  which  cellular  prolifera- 
tion  occurs.  Cumulative  labeling  with  ^H-thymidine  can  be  used  to  determine  the  time 
at  which  cellular  proliferation  has  ceased  and  the  occurrence  of  heavy  labeling  is  a 
good  indicator  that  the  time  of  isotope  injection  was  during  one  of  the  final  mitotic 
cycles.  Our  analysis  of  the  brain  stem  auditory  nuclei  indicated  that  there  is  no  overlap 
in  the  final  period  of  DNA  synsthesis  between  NM  and  NL.  The  majority  of  NM  neu¬ 
rons  leave  the  mitotic  cycle  between  48  and  72  hours  of  incubation,  while  the  final  divi- 
sion  of  NL  cells  occurs  at  about  84 — 100  hours  of  incubation.  Botb  cell  groups  are  pro- 
duced  in  the  region  of  the  rhombic  lip,  and  when  first  recognized  m  the  5  — 6-day 
embryo  they  overlap  throughout  most  of  their  rostrocaudal  and  mediolateral  extent.  It 
is  therefore  reasonable  to  hypothesize  that  both  cell  groups  are  produces  by  a  single 
progenitor  population,  with  NM  cells  being  formed  first  and  migrating  away  from 
mother  cells.  Then,  in  a  second  wave  of  mitotic  activity,  the  final  population  of  NL 
cells  is  formed.  This  temporal  sequence  of  cellular  proliferation,  coupled  with  the  fact 
that  NL  cells  come  to  lie  directly  ventral  to  NM,  suggests  that  the  cells  may  interact 
during  their  proliferative  or  migratory  phases.  Although  there  is  little  direct  evidence 
for  this  hypothesis,  we  have  observed  that,  at  around  5  7  days  of  incubation,  cells  labe- 

led  at  the  same  time  as  those  of  NL  can  be  obseiwed  Streaming  through  the  magnocel- 
lular  nucleus.  The  occurrence  and  possible  functions  of  such  interactions  may  be  par- 
ticularly  susceptible  to  Investigation  in  this  System  and  may  represent  the  first  mteraction 
between  neurons  which  are  destined  to  be  functionally  connected. 

Following  proliferation  and  migration,  these  cell  groups  develop  their  characteristic 
morphologies  over  the  period  from  9  to  15  days  of  Incubation.  By  9  days  of  incubation 
both  cell  groups  can  be  easily  recognized,  although  neither  has  assumed  its  matuie 
cytoarchitectural  or  positional  characteristics.  At  this  stage,  both  nuclei  are  composed 
of  relatively  undifferentiated,  densely-packed  cell  bodies  and  there  is  no  apparent  sub- 
nuclear  organization.  In  silver-impregnated  tissue,  it  is  apparent  that  the  major  afferent 
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axons  to  both  nuclei  are  present,  although  preliminary  electron  microscopic  examina- 
tion  has  revealed  no  synapses.  Between  days  9  and  13  major  morphogenetic  changes 
occur  in  both  nuclei.  The  cells  of  NM  are  displaced  medially,  cell  density  diminishes, 
cell  size  increases,  and  the  cells  become  aligned  in  their  characteristic  columnar  Organi¬ 
zation.  The  most  striking  changes  occur  in  NL,  where,  from  the  undifferentiated  dus¬ 
ter  of  cells  seen  at  days  8  9,  a  precisely  defined  monocellular  or  bicellular  lamina, 

with  a  uniform  glia-free  margin,  emerges  by  day  13.  This  change  begins  in  the  rostro- 
medial  portion  of  the  nucleus  between  days  9  and  1 1  and  is  completed  in  the  caudo- 
lateral  portion  by  around  day  14. 

Changes  in  cell  number  occur  in  both  nuclei  concurrently  with  these  morphogenetic 
events.  Whereas  NM  loses  only  a  few  cells  (0  —  20  %)  and  any  cell  death  appears  to 
occur  between  embryonic  days  11  and  13,  cell  death  in  NL  is  much  more  extensive 
(about  70  80  %)  and  takes  place  over  a  considerably  longer  period  (days  9 — 15). 

These  changes  in  cell  number  are  of  interest  for  a  number  of  reasons.  First,  while  there 
are  large  differences  in  the  amount  and  duration  of  cell  death,  the  period  of  maximal 
cell  loss  in  both  nuclei  is  between  11  and  13  days  of  mcubation.  Smce  prohferation  of 
NM  and  NL  is  separated  by  about  24  —  36  hours,  it  appears  that  whatever  factors  regu- 
late  cell  death  (see  Levi-Montalcini,  1949;  Cowan,  1973;  FiAMBURGER,  1975)  may 
serve  to  bring  the  two  nuclei  into  ontogenetic  synchrony.  Of  possible  importance  in 
this  regard  is  the  fact  that  both  physiological  and  behavioral  studies  indicate  that  the 
onset  of  afferent  function  is  closely  correlated  with  normal  cell  death.  Current  work  on 
functional  ontogeny  in  vitro  will  be  of  great  importance  for  further  understanding  of 
this  relationship. 
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Figure  2.  Cell  counts  in  n.  magnocellularis  and 
n.  laminaris  from  9  days  to  hatching.  Points 
are  means  for  each  time  and  vertical  bars  show 
ranges.  Lines  showing  counts  for  the  divisions 
of  n.  laminaris  are  mean  values.  NM,  n.  mag¬ 
nocellularis;  NL,  n.  laminaris  (total);  NL  lat., 
lateral  division  of  n.  laminaris;  NL  med., 
medial  division  of  n.  laminaris  (from  Rubel, 
Smith  &  Miller,  1976). 


The  Volumetrie  analyses  of  NM  and  NL  also  indicate  a  surprising  amount  of  devel- 
opmental  synchrony  in  the  enlargement  of  cell  bodies  and  neuropil  areas  which  occurs 
after  the  period  of  cell  death.  Since  it  is  quite  likely  that  functional  connection  are  estab- 
lished  by  day  15,  it  will  be  important  to  understand  the  role  which  afferent  activity 
may  play  in  the  regulation  of  this  parameter  as  well.  It  is  therefore  advantageous  that 


Rubel;  Brain  Stern  Auditory  Nuclei 


707 


the  period  of  rapid  cellular  and  neuropil  expansions  can  be  temporally  distinguished 
from  that  of  cell  death. 

Summarizing  the  ontogenetic  Information,  NM  and  NL  display  the  following  char- 
acteristics;  i)  the  neurons  of  NM  and  NL  go  through  their  final  phase  of  DNA  synthe- 
sis  over  restricted  and  temporally  separated  periods,  which  allows  independent  labeling 
of  either  neuronal  population;  ii)  the  period  of  cell  death  does  not  overlap  with  the 
proliferative  period;  iii)  the  alignment  of  NL  cells  is  temporally  correlated  with,  and 
possibly  results  from,  cell  death;  iv)  cell  loss  occurs  over  a  defmed  time  period,  has  a 
definite  spatial  gradient  and,  in  the  case  of  NL,  is  quite  extensive;  and  v)  Volumetrie 
changes  in  cell  bodies  and  neuropil  regions  occur  in  a  period  when  functional  Connec¬ 
tions  are  established  and  these  changes  occur  following  the  time  of  maximal  normal 
cell  loss.  These  factors,  m  conjunction  with  the  Information  on  normal  structural  and 
functional  Connections,  the  access  for  experimentation  afforded  by  the  avian  embryo, 
and  the  potential  for  Controlling  both  the  pre-  and  post-hatch  acoustic  environment 
suggest  that  these  brain  stem  auditory  pathways  will  serve  as  an  excellent  preparation 
for  investigations  of  cell  mteractions  in  the  developing  nervous  System. 

Our  first  attempts  at  manipulating  the  cellular  environment  have  used  direct  deaffer- 
entation.  In  one  series  of  investigations  (Parks  &  Robertson,  1976;  Parks,  1978;  Jack¬ 
son  &  Rubel,  1976)  the  effects  of  removing  the  Vlllth  nerve  afferents  either  prior  to 
synaptogenesis  (otocyst  removal)  or  well  after  it  (at  hatching,  three  months,  or  three 
years)  have  been  studied  in  NM.  In  agreement  with  Levi-Montalcini  (1949),  it  was 
found  that  removal  of  the  otocyst  had  little  or  no  effect  on  NM  cell  number  or  cell  size 
until  after  1 1  days  of  incubation,  after  which  time  both  the  amount  and  period  of  cell 
death  were  greatly  enhanced.  By  19  days  of  incubation,  the  deafferented  NM  had 
40  —  50  %  fewer  cells  than  the  normal  population.  Surprisingly,  this  effect  was  not  age 
dependent;  cochlea  removal  in  hatchling,  three-month-old,  or  adult  chickens  resulted 
in  a  similar  amount  of  transneuronal  cell  loss  in  NM. 

A  second  mvestigation  (Benes  et  ah,  1977)  examined  the  degree  to  which  transneu¬ 
ronal  changes  are  specific  to  the  postsynaptic  membrane  surface  to  which  the  mput  has 
been  removed.  By  deafferenting  one  side  of  the  NL  cells  it  was  possible  to  compare  the 
deafferented  dendritic  surface  with  the  other  dendritic  region  of  the  same  neurons, 
which  had  their  normal  input  intact.  An  EM  morphometric  analysis  revealed  rapid  and 
complete  degeneration  of  the  deafferented  dendrites,  while  the  opposite  dendrites  of 
these  neurons  retamed  their  normal  qualitative  and  quantitative  characteristics. 

While  the  total  elimination  of  afferents  to  a  neuron  certainly  Interrupts  more  cellular 
processes  than  do  changes  in  the  pattem  of  synaptic  activation,  at  least  a  portion  of  the 
deafferentation  syndrome  is  probably  due  to  the  elimination  of  synaptic  activity.  Thus, 
the  examination  of  developmental  changes  produced  by  total  removal  of  afferents  will 
yield  a  catalog  of  events,  each  of  which  can  be  systematically  evaluated  upon  progres- 
sively  more  subtle  manipulation  of  afferent  activity.  Furthermore,  deafferentation 
results  may  form  one  end  of  a  continuum  relating  the  quality  or  quantity  of  afferent 
input  to  the  integrity  of  neural  structure  and  function.  Most  importantly,  the  avian 
auditory  System  will  be  valuable  for  testing  of  this  and  other  hypotheses  regarding  the 
role  of  afferent  activity  in  neural  development.  By  Controlling  the  sound  environment  it 
is  possible  to  specify  systematic  variations  in  the  activity  impinging  on  known  neuronal 
elements  at  any  time  after  the  receptor  becomes  functionally  active.  Furthermore,  the 
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entire  System  as  shown  in  Figure  1  is  contained  in  a  1  mm  slab  of  tissue  and  preliminary 
analysis  (Jackson  et  ab,  1978)  indicates  that  it  will  remain  viable  m  vitro  over  long  peri- 
ods.  This  quality  may  allow  direct  experimental  control  (via  electrical  Stimulation)  of 
the  amount  and  pattem  of  activity  in  each  auditory  nerve  at  any  stage  of  development. 

Finally,  with  regard  to  the  desirability  of  behavioral  analogs,  it  should  be  noted  that 
the  ontogeny  of  auditory  perceptual  behavior  can  be  readily  studied  in  avian  embryos 
and  hatchlings  (Gottlieb,  1970;  Jackson  &  Rubel,  1978)  and  auditory  deprivation  can 
have  marked  effects  on  these  behavioral  processes  (e.g..  Gottlieb,  1976;  Kerr  et  ah, 
1978). 

While  the  above  studies  do  not  answer  most  questions  of  how  the  structural  and  the 
functional  aspects  of  afferent  input  regulate  neuronal  ontogeny,  we  feel  the  avian  brain 
Stern  auditory  pathway  still  provides  an  excellent  model  for  further  Investigation.  It  is 
hoped  that  progressively  more  subtle  manipulation  of  afferent  activity  and  increasingly 
sensitive  measure  of  neuronal  structure  and  function  m  this  System  will  yield  a  more 
thorough  understanding  of  how  an  organism’s  external  environment  regulates  the 
ontogeny  of  neural  networks. 
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Response  Properties  of  Avian  Auditory-Nerve  Fibers 
and  Medullary  Neurons 

Murray  B.  Sachs,  Nigel  K.  Woolf  and  Joan  M.  Sinnott 

Introducdon 

Our  long-term  interest  in  the  avian  auditory  System  concerns  the  encoding  of  spe- 
cies-specific  vocalization  (Sachs  et  al.,  1974;  Hienz  et  al.,  1977;  Woolf  &  Sachs, 
1977;  Sachs  et  al.,  in  press;  Sachs  &  Sinnott,  in  press).  Because  such  vocalizations 
must  contain  acoustic  elements  of  behavioral  significance  to  the  organism,  they  form 
an  especially  appealing  set  of  Stimuli  with  which  to  probe  the  nervous  System.  The 
avian  auditory  System  has  become  the  subject  of  intense  study,  and  consequently  the 
anatomical  topology  of  its  neural  centers  and  their  interconnections  has  become 
increasingly  well  understood  (Boord,  1969;  Karten,  1967,  1968).  Our  approach  to  the 
study  of  Stimulus  encoding  within  the  auditory  System  has  been  to  characterize  in  detail 
the  transformations  which  occur  at  the  various  levels  within  the  System. 

At  higher  central  levels  in  the  avian  auditory  pathway  we  have  encountered  complex 
properties  in  the  stimulus-response  relationships  of  single  neurons.  We  have,  however, 
attempted  to  identify  the  neural  level  at  which  the  different  response  characteristics 
first  emerge.  In  this  paper  we  will  discuss  response  properties  of  single  neurons  in  the 
primary  and  secondary  neural  elements  in  the  auditory  pathway;  the  auditory  nerve 
and  the  cochlear  nuclear  complex  (n.  magnocellularis  and  n.  angularis).  The  experi¬ 
mental  animal  in  these  experiments  is  the  Red-winged  Blackbird  (Agelaius  phoeniceus), 
studied  under  chloralose  anesthesia. 


Response  properties  of  neurons  in  the  avian  auditory  nerve 

As  in  mammals,  single  fibers  in  the  auditory  nerve  of  birds  exhibit  spike  discharge 
activity  in  the  absence  of  controlled  acoustic  Stimuli.  The  median  spontaneous  rate  for 
the  blackbird  is  about  90  spikes  per  second  (Woolf  &  Sachs,  1977),  which  compares 
with  a  median  rate  of  about  30  spikes  per  second  for  the  cat.  This  is  consistent  with  our 
previous  report  that  spontaneous  activity  in  pigeon  auditory-nerve  fibers  is  consider- 
ably  higher  than  that  observed  in  the  cat  (Sachs  et  ab,  1974).  The  most  striking  differ- 
ence  between  the  spontaneous  rate  distributions  for  birds  and  cats,  however,  is  that  the 
mode  of  the  cat  distribution  occurs  at  rates  of  less  than  two  spikes  per  second,  whereas 
no  avian  fibers  have  demonstrated  rates  of  less  than  two  per  second  (Sachs  et  ab,  1974; 
Woolf  &  Sachs,  1977). 

The  temporal  patterns  of  auditory  nerve  fiber  responses  to  tones  in  birds  appear 
quite  similar  to  those  reported  for  cat  (Kiang  et  ab,  1965).  At  the  onset  of  a  tone-burst, 
there  is  an  increase  in  discharge  rate;  the  response  rate  then  decreases  rapidly  by 
30  —  50  %  over  the  next  50  msec  and  then  decreases  only  very  slowly  for  the  duration 
of  the  tone-burst.  Response  patterns  of  this  type  are  classified  as  “primary-like”. 
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The  frequency  selectivity  of  auditory-nerve  fibers  can  be  characterized  in  terms  of  a 
tuning  curve,  which  is  a  plot  of  threshold  of  response  to  a  tone  versus  frequency.  The 
frequency  at  which  the  minimum  threshold  occurs  is  called  the  unit’s  best  frequency  . 
One  can  characterize  the  sharpness  of  a  tuning  curve  by  a  measure  Q  ,  which  is 
defined  as  the  best  frequency  of  a  neuron  divided  by  the  bandwidth  of  the  tuning  curve 
10  dB  above  the  best  frequency  threshold.  We  have  found  that  within  the  ränge  of  fre- 
quencies  to  which  birds  are  sensitive,  the  Q’s  of  their  auditory-nerve  fibers  are  quite 
similar  to  those  in  cats  (Sachs  et  ah,  1974;  Woolf  &  Sachs,  1977).  This  implies  that 
cochlear  filtering,  which  is  directly  reflected  in  the  tuning  of  auditory-nerve  fibers,  is  at 
least  as  sharp  in  the  bird  as  it  is  in  the  cat.  At  sound  levels  above  threshold,  unit  dis- 
charge  rate  rises  monotonically  to  a  maximum  (Saturation)  level.  Saturation  rates  for 
bird  auditory-nerve  fibers  are  significantly  higher  than  those  found  in  cat.  Median  Satu¬ 
ration  rate  for  the  blackbird  is  about  300  spikes  per  second,  as  compared  with  190 
Spikes  per  second  for  the  cat  (Woolf  &  Sachs,  1977). 

The  threshold  response  level  used  m  determining  a  tuning  curve  is  usually  a  propor¬ 
tional  increase  above  spontaneous  rate  in  a  fiber’s  average  discharge  rate.  Average  dis- 
charge  rate,  however,  is  a  measure  which  does  not  account  for  fine  temporal  details  in 
a  neuron’s  response  pattem.  For  example,  it  is  well  known  that  for  low  frequencies, 
auditory-nerve  fiber  spikes  occur  in  temporal  synchrony  with  individual  cycles  of  a  sin- 
usoidal  Stimulus.  This  synchrony  is  conveniently  displayed  in  a  period  histogram,  which 
plots  the  number  of  spike  discharges  versus  phase  angle  within  a  single  cycle  of  the 
Stimulus.  The  quantitative  measure  of  the  temporal  synchrony  in  a  unit’s  spike  dis¬ 
charge  pattem  is  refered  to  as  its  degree  of  “phase  locking”.  The  amount  of  phase  lock- 
ing  occurring  m  these  fibers  is  obviously  one  good  measure  of  the  ability  of  the  peri- 
pheral  auditory  System  to  encode  temporal  features  of  a  Stimulus. 

It  is  of  interest  to  compare  the  temporal  coding  in  birds  with  that  in  mammals.  John¬ 
son  (1974)  has  shown  that  the  amount  of  phase  locking  in  cat  auditory-nerve  fibers 
decreases  in  approximately  inverse  proportion  with  frequency  above  1  kHz.  We  have 
shown  that  in  blackbirds  precisely  the  same  relationship  exists  (Woolf  &  Sachs,  1977). 
Thus,  the  ability  of  the  avian  peripheral  auditory  System  to  encode  Stimuli  temporally  is 
apparently  the  same  as  that  of  the  cat,  for  frequencies  greater  than  1  kHz.  Phase  lock¬ 
ing  to  frequencies  below  1  kHz  may  be  somewhat  better  in  birds  than  in  cats  (Woolf 
&  Sachs,  in  preparation). 


Response  properties  of  neurons  in  the  avian  cochlear  nucleus 

In  birds,  the  auditory-nerve  bifurcates  upon  entering  the  central  nervous  System,  and 
projects  onto  two  spatially  discrete  medullary  nuclei:  nucleus  magnocellularis  and  nu¬ 
cleus  angularis.  These  have  been  considered  to  be  homologous  to  the  mammalian 
anteroventral  cochlear  nucleus  and  the  posterovential  and  dorsal  cochlear  nuclei, 
respectively  (Boord,  1968,  1969). 

Nucleus  magnocellularis  exhibits  rates  of  spontaneous  activity  comparable  to  those 
observed  in  the  auditory  nerve.  Median  spontaneous  rates  for  n.  magnocellularis  in  the 
blackbird  are  approximately  110  spikes  per  second  (Sachs  &  Sinnott,  in  press).  Nu¬ 
cleus  angularis,  on  the  other  hand,  is  characterized  by  having  a  large  pioportion  of  units 
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with  low  spontaneous  rates.  Approximately  30  %  of  units  in  blackbird  n.  angularis  have 
spontaneous  rates  of  less  than  10  per  second  (Sachs  &  Sinnott,  in  press). 

Nucleus  magnocellularis  also  appears  similar  to  the  auditory-nerve  in  the  temporal 
patterns  it  displays  in  response  to  tones.  Both  exhibit  only  “primary-like”  responses. 
Nucleus  angularis  distinguishes  itself  by  the  occurrence  of  units  with  onset  or  pauser 
type  responses,  in  addition  to  “primary-like”  responses. 

For  central  neurons  the  Organization  of  excitatory-inhibitory  response  areas  in  the 
frequency-pressure  plane  is  displayed  in  terms  of  a  unit’s  “response  map”.  Excitatory 
areas  are  defined  as  regions  in  the  frequency-pressure  plane  where  tones  cause  an 
increase  in  average  rate  of  at  least  25  %  above  spontaneous  rate;  inhibitory  areas  are 
regions  where  tones  cause  a  decrease  of  at  least  25  %  below  spontaneous  rate.  Both  the 
auditory-nerve  and  n.  magnocellularis  exhibit  response  maps  characterized  by  a  central 
excitatory  V-shaped  region,  where  tones  at  best  frequency  are  excitatory  at  all  levels 
above  threshold.  In  n.  magnocellularis,  inhibitory  regions  always  flank  the  excitatory 
areas  on  one  or  both  sides.  This  “simple”  type  of  response  map  is  also  found  in  90  %  of 
the  units  in  n.  angularis  (Sachs  &  Sinnott,  in  press). 

In  addition  to  this  type  of  response  map,  about  10  %  of  the  units  in  n.  angularis 
exhibit  complex”  response  maps.  These  include  maps  in  which  the  excitatory  best  fre- 


Figure  1.  Response  map  for  a  type  IV  unit  from  Nucleus  angularis  is  shown  on  left.  At  center  are 
dot  displays  showing  responses  to  probe  tones  at  three  different  levels.  Fach  line  in  the  display 
gives  responses  to  the  frequency  given  by  the  Ordinate.  For  each  dot  display,  the  voltage  into  the 
earphone  is  constant,  but  the  resulting  acoustic  calibration  is  not  flat  and  is  indicated  by  a  dashed 
line  in  the  response  map.  The  arrows  point  to  plots  of  sound  level  at  the  eardrum  versus  frequency 
for  this  corresponding  earphone  voltage.  The  calibration  plots  are  helpful  in  relating  the  probe 
analysis  data  to  the  detaiied  response  map  made  with  a  different  technique.  At  right  are  shown  the 
discharge  rate  versus  frequency  plots  for  the  probe  analysis  data. 
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quency  at  threshold  gives  way  to  Inhibition  at  higher  intensities  (type  IV  units  of  Evans 
&  Nelson,  1973;  Young  &  Brownell,  1976).  These  inhibitory  regions  at  higher  levels 
extend  to  frequencies  both  above  and  below  best  frequency.  Excitatory  areas  are  also 
observed  at  higher  levels;  in  some  cases  these  are  continuous  with  the  excitatory  area 
near  best  frequency,  while  in  other  cases  they  are  isolated.  The  resulting  interleaved 
arrangement  of  excitatory  and  inhibitory  response  areas  can  be  quite  complex;  at  a 
fixed  Sound  level  above  threshold,  the  response  of  a  unit  can  change  from  inhibitory  to 
excitatory  and  vice-versa  several  times  as  frequency  is  changed  from  low  to  high  (e.g., 
see  Fig.  1). 


Discussion 

When  we  consider  measures  of  spontanequs  activity,  types  of  response  patterns,  and 
types  of  response  maps  in  the  auditory  nerve  and  cochlear  nuclei,  we  can  conclude  that 
the  auditory  nerve  and  n.  magnocellularis  function  rather  similarly  (i.e.,  high  spontane- 
ous  rates,  simple  response  maps,  and  primary  response  patterns).  Nucleus  angularis, 
however,  Stands  out  as  capable  of  more  complex  degrees  of  Stimulus  encoding.  This  is 
reflected  by  a  sigmficant  population  of  units  having  low  rates  of  spontaneous  activity,  a 
variety  of  different  types  of  response  patterns  (i.e.,  pauser  and  onset  patterns  as  well  as 
primary  types),  and  complex  as  well  as  simple  response  maps. 

At  higher  levels  of  the  auditory  System,  units  are  frequently  characterized  by  com¬ 
plex  response  maps.  Some  of  these  complex  neurons  exhibit  rate  versus  frequency  plots 
similar  to  those  of  type  IV  units  which  occur  for  the  first  time  in  n.  angularis  of  the 
cochlear  nucleus  (Scheich  et  ah,  1977).  Thus,  it  appears  likely  that  some  of  the  prop- 
erties  of  complex  neurons  observed  can  be  directly  related  to  properties  of  neurons  in 
lower  Centers. 
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Functional  Organization  of  Auditory  Centres  in  the  Midbrain  of  Birds 

R.  B.  COLES 


Extracellular  recordings  were  made  from  auditory  units  in  the  midbrain  of  the 
anaesthetized  (Equithesin)  domestic  fowl  (Gallus  gallus).  The  dorsal  regions  of  the 
optic  lobe  were  exposed  by  removing  part  of  the  overlying  caudal  forebrain.  dass  mi- 
croelectrodes  (filled  with  2M  NaCl  and  Pontamine  blue  dye)  were  then  inserted,  under 
direct  visual  control,  into  the  superficial  layers  of  the  optic  tectum.  Unit  recordings 
were  then  continued  remotely,  outside  the  sound-attenuated  chamber  containing  the 
preparation.  Recording  sites  were  strategically  marked  in  the  midbrain  by  injection  of 
dye  from  the  electrode  tip  (by  current),  in  Order  to  accurately  reconstruct  each  elec- 
trode  Penetration  histologically.  Using  this  procedure  the  principal  auditory  area  of  the 
midbrain  of  the  domestic  fowl  was  clearly  determined  to  be  the  nucleus  mesencephali- 
cus  lateralis  pars  dorsalis  (NMLD). 

The  functional  properties  of  NMLD  cells  were  studied  using  monaural  and  binaural 
sound  Stimuli,  presented  as  repetitive  bursts  (10  msec,  rise/fall  time;  300  msec,  plateau 
duration)  consisting  of  pure  tones  and  sometimes  frequency-modulated  (FM)  tones. 
Sound  intensity  was  calibrated  by  using  on-line  probe  Systems  incorporated  into  the 
sound  delivery  tube  at  each  ear.  Unit  recordings  were  analysed  with  peri-stimulus  time 
(PSTH)  or  interval  (IH)  histograms,  using  an  off-line  Computer  System.  Using  contra¬ 
lateral  pure  tone  bursts,  84  %  of  NMLD  cells  were  found  to  be  predominantly  excited 
(transient  and/or  sustained  responses).  Excitatory  tuning  properties  with  familiär  V- 
shaped  threshold  curves  were  produced  from  contralateral  Stimulation.  A  very  re- 
stricted  frequency  response  ränge,  at  the  most  sensitive  intensity  thresholds  could  be 
determined  (best  frequency  or  BF)  for  most  NMLD  cells.  However  more  complex  tun¬ 
ing  properties  were  also  evident  from  monaural  Stimulation  (12  %)  and  such  cells  dis- 
played  various  forms  of  broad  tuning  (inhibitory  sidebands,  double  sensitivity  peaks 
and  FM  sensitivity).  Most  NMLD  cells  (69  %)  had  BF’s  between  750  Hz  and  3.0  kHz 
and  the  most  sensitive  BF  thresholds  occurred  between  1.0  — 2.0  kHz  (see  Fig.  1). 

The  minimum  loss  in  unit  BF  threshold  below  1.0  kHz  was  approximately  16  dB/ 
octave,  compared  to  a  substantially  greater  loss  (46  dB/octave)  above  2.0  kHz.  Due  to 
this  rapid  loss  in  high  frequency  sensitivity  for  NMLD  cells,  the  highest  BF’s  did  not 
exceed  5.0  kHz,  although  responses  up  to  7.0  kHz  could  be  elicited  from  very  intense 
tones  (100  dB  SPL).  The  lower  frequency  limits  for  NMLD  cells  were  more  difficult  to 
establish  since  responses  were  detected  at  least  as  low  as  40  Hz  (limit  of  sound  Sys¬ 
tem), but  at  high  intensities  for  air-borne  sound  (above  60  dB  SPL).  It  is  possible  that  at 
sufficiently  low  frequencies,  some  non-auditory  Vibration  sensitive  System  may  have 
been  stimulated  by  the  sound  System.  In  addition,  phase-locked  responses  were  very 
prominent  for  frequencies  between  40  —  500  Hz;  however  above  about  800  Hz  this 
type  of  response  pattem  was  increasingly  difficult  to  detect. 

Monaural  inputs  to  NMLD  cells  were  further  examined  and  call  types  were  classified 
as  contralateral  excitation  coupled  with  either,  ipsilateral  inhibition  (EI,  46  %),  exci- 
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tation  (EE,  21  %)  or  no  effect  (EO,  17  %).  When  examined  on  the  Basis  of  BF  distiibu- 
tion,  EI  cells  occurred  most  frequently  between  400  FIz  and  4.0  Fiz.  The  BF  s  of  EE 
cells,  although  showing  a  similarly  wide  distnbution,  indicated  some  preference  for  fre- 
quencies  below  1.0  kFFz.  In  contrast  the  BF’s  of  monaural  EO  cells  demonstrated  a  dis- 
tinct  bias  towards  high  frequencies,  usually  above  1.0  kFFz. 


Figure  1.  Distribution  of  unit 
best  frequency  (BF)  thresholds 
for  206  cells  from  the  NMLD  of 

OOi  0D6  0.08  01  02  04  06  08  10  2U  -.o  oa,  ,uu  av«  •  r  I 

FREQUENCY (kHZ)  the  domestic  towl. 

EI  and  EE  cells  were  tested  with  experimentally  produced  differences  in  interaural 
time  (ITD)  and  intensity  (HD),  in  order  to  study  their  possible  involvement  in  the  neu¬ 
ral  processes  of  sound  localization.  EI  cells  were  found  to  be  quite  sensitive  to  changes 
in  interaural  intensity  in  the  ränge  of  5  — 20  dB  when  tested  above  threshold  at  their 
BF.  Some  EE  cells  were  found  to  be  sensitive  to  ITD  but  such  sensitivity,  although  cy- 
clic,  usually  occurred  over  several  milliseconds  of  interaural  delay.  ITD  sensitivity 
appeared  to  be  a  function  of  Stimulus  periodicity  (below  800  FFz),  since  in  such  cases 
these  EE  cells  appeared  to  respond  in  a  phase-locked  manner  to  monaural  acoustic 
Stimuli.  A  consideration  of  the  physical  binaural  disparities  for  the  head  of  the  domestic 
fowl  would  suggest  perhaps  a  maximum  of  only  60  jisec  for  ITD  (based  on  ear  Separa¬ 
tion),  and  also  the  maximum  HD  would  probably  not  exceed  10  dB  even  for  the  highest 
audible  frequencies  available  to  the  domestic  fowl  (due  to  head  shadow).  The  response 
properties  of  binaural  cells  in  the  midbrain  of  domestic  fowl  would  suggest  that  delay¬ 
sensitive  EE  cells  are  extremely  insensitive  to  expected  physical  ITD’s.  FFowever  EI 
cells  have  a  sensitivity  to  HD,  presumably  within  the  ränge  encountered  in  the  normal 
acoustic  environment  of  this  bird.  Thus  the  neurophysiological  evidence  presented  in 
this  study  would  favour  the  use  of  frequency-dependent  binaural  intensity  differences 
as  possibly  the  only  effective  cue  during  sound  localization  in  the  domestic  fowl. 

The  histological  reconstruction  of  electrode  tracks  through  regions  of  the  NMLD 
enabled  the  Organization  of  auditory  unit  responses  to  be  accurately  determmed.  Unit 
BF’s  in  the  NMLD  were  found  to  be  very  strictly  organised  in  the  vertical  plane,  such 
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SYMPOSIUM  ON  THE  AUDITORY  SYSTEM 
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Figure  2.  Construction  of  iso-frequency  planes  from  vertical  electrode  penetrations  into  the 
NMLD  (combined  from  separate  experiments).  Data  points  of  equal  BF  (kFIz)  have  been  con¬ 
nected  to  indicate  Orientation  of  the  planes  for  a  representative  section  of  the  NMLD  (see 

extended  line  on  each  abscissa). 


that  tonotopic  sequences  of  increasing  BF  occurred  when  electrodes  were  advanced  in 
a  dorso-ventral  direction.  Low  frequency  cells  were  found  mostly  in  the  dorso-rostral 
and  dorso-medial  regions  of  the  NMLD,  where  such  responses  were  typically  phase- 
locked,  including  responses  below  100  Hz  in  the  extreme  medio-rostral  part  of  the 
NMLD.  Iso-frequency  planes  were  constructed  by  correlating  unit  BF’s  with  depth  in 
the  NMLD  (see  Fig.  2). 

These  planes  extended  from  50  Hz  up  to  5.0  kHz,  with  high  frequency  responses 
occurring  latero-ventrally  (frontal  plane)  and  caudo-ventrally  (sagittal  plane).  Tono¬ 
topic  Organization  was  also  indicated  for  the  horizontal  plane.  Thus  the  NMLD  may  he 
regarded  as  functionally  laminated,  probably  consisting  of  a  series  of  concentric  arcs 
radiating  dorso-rostrally  (low  frequencies)  to  ventro-caudally  (high  frequencies)  in  the 
sagittal  plane.  In  the  frontal  plane  these  laminae  mostly  extended  parallel  to  the  slope 
of  the  optic  ventricle. 

A  second  auditory  region  in  the  midbrain  was  identified  as  part  of  the  sub-ventricu- 
lar  extensions  of  the  Stratum  griseum  (et  fibrosum)  periventriculare  (SGP).  Most  audi¬ 
tory  units  in  the  SGP  (usually  fibres)  originated  from  the  thin  capsular  extension  imme- 
diately  dorsal  to  the  NMLD,  and  were  frequently  broadly  tuned  and  showed  habitua- 
tion  to  repeated  Stimuli.  A  weak,  reversed  tonotopic  sequence  of  unit  BF’s  (relative  to 
the  NMLD)  was  present  in  the  SGP,  Occasionally  auditory  units  were  also  isolated  in 
the  SGP  immediately  above  the  optic  ventricle  i.e.  in  the  optic  tectum  itself.  The  loca- 
tion  of  such  units  suggests  the  possibilities  for  audio-visual  (and  somatosensory)  inter- 
actions.  In  rare  cases  auditory  units  were  found  in  areas  immediately  ventral  to  the 
NMLD  (not  associated  with  lateral  lemniscal  input)  corresponding  to  part  of  the  for- 
matio  reticularis  lateralis  (FRL).  Units  located  in  the  nucleus  intercollicularis  (ICo)  did 
not  respond  to  auditory  Stimuli  and  the  functional  boundary  for  auditory  units 
appeared  to  correspond  to  the  anatomical  boundary  (from  Nisse  staining)  between  the 
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NMLD  and  the  ICo.  Under  the  present  experimental  conditions  this  result  Supports  the 
idea  of  a  Segregation  of  function  in  the  midbrain  of  the  domestic  fowl  between  the 
NMLD,  being  a  major  afferent  acousto-sensory  area,  and  the  ICo,  an  important 
acousto-motor  (vocal)  area. 
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Sound  Localization  on  the  Neuronal  Level 

Eric  I.  Knudsen 


Birds  perform  a  wide  variety  of  acoustically  guided  behaviors  including  prey  capture, 
predator  avoidance  and  various  forms  of  social  communication  that  place  a  demand  on 
the  ability  of  their  auditory  System  to  localize  sound  sources  in  space.  However,  the 
auditory  sense  organ,  the  cochlear  partition,  is  essentially  a  one-dimensional  sensory 
surface  that  responds  differentially  to  sound  frequency  along  its  length,  but  that  recei- 
ves  no  direct  spatial  information  from  the  acoustic  environment.  Thus  the  auditory 
System  must  derive  the  location  of  a  sound  source  from  the  relative  patterns  of  auditory 
nerve  input  arriving  from  the  two  ears.  This  is  a  considerably  more  complex  task  than 
that  demanded  of  the  visual  or  somatosensory  Systems,  for  which  spatial  information  is 
immediately  available  at  the  sensory  surface.  Nevertheless,  it  is  apparent  from  the 
sound  localization  abilities  of  many  birds  (Engelman,  1928;  Granit,  1941;  Schwartz- 
KOPFF,  1950;  Payne,  1971;  Konishi,  1973)  that  their  auditory  Systems  can  accurately 
determine  the  direction  of  sound  sources.  The  Barn  Owl  (Tyto  alba),  for  example,  can 
locate  a  sound  source  to  within  2°  in  both  azimuth  and  elevation  (Knudsen  & 
Konishi,  in  preparation),  an  ability  that  allows  this  bird  to  hunt  efficiently  even  in  total 
darkness.  This  paper  will  describe  how  single  neurons  in  the  auditory  System  of  the 
Barn  Owl  encode  such  2-dimensional  spatial  information  in  a  form  that  may  directly 
underlie  behavioral  sound  localization. 

The  experimental  strategy  was  to  study  the  influence  of  sound  location  on  the 
response  properties  of  auditory  neurons  by  using  a  movable  sound  source  in  an  acous¬ 
tic  free-field.  Neuronal  responses  were  looked  for  that  depended  upon  the  location  of 
the  sound  source,  but  that  were  relatively  independent  of  the  type  of  sound  used. 

The  experiments  were  conducted  with  the  owl  placed  in  a  large  anechoic  chamber. 
The  free-field  sound  source  was  supplied  by  a  5-cm  Speaker  that  could  be  moved  by 
remote  control  from  outside  the  chamber  (Knudsen  et  ah,  1977).  The  Speaker  moved 
along  a  semicircular  track  (1  m  radius)  to  provide  changes  in  sound  azimuth,  and  the 
track  itself  pivoted  around  a  horizontal  axis  to  provide  changes  in  sound  elevation. 
Thus  the  Speaker  could  be  positioned  anywhere  around  the  owl  on  a  sphere  of  radius 
1  m,  except  for  a  20°  sector  blocked  by  a  supporting  post  for  the  owl.  Sound  Stimuli 
included  noise  bursts,  tone  bursts,  and  clicks. 

Seven  owls  were  used  in  these  experiments,  each  owl  being  prepared  for  chronic 
recording  (Knudsen  &  Konishi,  1978b).  Anesthesia  was  induced  with  an  intramuscular 
injection  of  ketamine  hydrochloride,  and  was  maintained  at  a  light  level  with  repeated 
injections  as  necessary.  The  anesthetized  owl  was  secured  to  a  holder  and  was  position¬ 
ed  at  the  Center  of  the  sphere  described  by  the  movement  of  the  Speaker.  The  owl’s 
head  was  oriented  by  exploiting  retinal  landmarks  so  that  its  visual  and  median  planes 
corresponded  to  0°  elevation  and  0°  azimuth  of  the  Speaker  (Fig.  1). 

The  neuronal  properties  that  will  be  described  here  are  based  on  the  responses  of 
149  units  located  in  the  midbrain  auditory  area  known  as  mesencephalicus  lateralis 
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dorsalis  (MLD),  as  determined  by  histological  reconstruction.  The  units  were  recorded 
with  glass-insulated  tungsten  electrodes;  conventional  amplification  and  spike  analysis 
equipment  was  used. 


Figure  1.  The  experimental  apparatus  and  the  division  of  auditory  space  with  respect  to  the  owl’s 
head.  A:  An  owl  is  depicted  in  testing  position  at  the  center  of  the  spaker-carriage  System,  which  is 
located  inside  the  anechoic  chamber.  The  Speaker  location  control,  oscilloscope,  and  hydraulic 
microdrive  are  located  outside  the  chamber.  B.  Auditory  space  was  divided  with  reference  to  the 
owl’s  median  and  visual  planes.  Speaker  locations  across  the  median  plane  from  the  side  recorded 
were  measured  in  contralateral  degrees  (x^,  on  the  same  side  were  ipsilateral  degrees  (x°).  Above 
the  visual  plane  were  positive  degrees  (  +  y°),  below  were  negative  degrees  (— y°).  (From  Knud¬ 
sen  &  Konishi,  1978b). 


Receptive  fields  of  auditory  neurons 

MLD  units  respond  to  sound  source  location  in  a  variety  of  ways.  One  dass  of  units 
responds  similarly  to  a  sound  Stimulus  regardless  of  its  location.  A  second  dass  of  units 
responds  best  to  sound  from  a  particular  area  of  space,  but  the  borders  of  this  area 
expand  considerably  with  increasing  sound  intensity.  A  third  dass  of  units  is  excited  by 
sounds  from  several  discrete  areas  of  space,  and  inhibited  by  sound  sources  located  be- 
tween  these  areas.  A  fourth  dass  of  units  responds  to  sound  only  when  it  originäres 
from  a  single  restricted  area  of  space,  or  receptive  field.  It  is  this  fourth  dass  of  units, 
called  limited-field  units  (L-F  units),  that  will  he  discussed  in  this  paper. 

The  receptive  fields  of  L-F  units  were  plotted  in  the  following  manner.  After  a  single 
unit  was  isolated,  the  Speaker,  while  emitting  noise  bursts,  was  moved  to  a  location  to 
which  the  unit  responded  vigorously.  With  the  Speaker  at  this  location  the  threshold  of 
the  unit  to  noise  bursts  was  determined.  The  intensity  of  the  noise  bursts  was  then 
increased  to  10  dB  above  threshold  and  the  Speaker  was  moved  in  azimuth  and  eleva- 
tion  to  positions  where  the  unit  just  failed  to  respond.  The  Coordinates  of  these  posi- 
tions  defined  the  borders  of  the  unit’s  receptive  field. 
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The  receptive  fields  of  L-F  units  (Fig.  2)  are  in  the  shape  of  vertically  oriented  ellip- 
soids  (94  %,  140  out  of  149)  or  occasionally  bands  (6  %),  and  ränge  in  size  from  5°  to 
40°  (average  23°)  in  azimuth,  and  from  18°  to  “unrestricted”  in  elevation.  Within  each 
receptive  field  is  a  small  area  to  which  the  unit  is  most  responsive.  As  the  sound  source 
moves  away  from  this  area,  the  response  of  the  unit  declines  markedly.  This  area, 
called  the  unit’s  best-area,  ranges  in  size  from  2.5°  to  10°  in  azimuth  and  from  5°  to 
45°  in  elevation. 


A  B 


Azimuth 

Figure  2.  The  effect  of  sound  intensity  and  sound  type  on  the  receptive  field  plots  of  limited-field 
units.  A:  The  receptive  fields  of  two  units  plotted  with  wide-band  noise  bursts  at  10  dB  (open  cir- 
cles)  and  30  dB  (closed  circles)  above  threshold.  The  field  of  the  unit  on  the  left  expands,  and  the 
one  on  the  right  contracts  at  the  higher  sound  intensity.  B:  The  receptive  fields  of  two  units  plot¬ 
ted  with  noise  bursts,  CF-tone  bursts,  and  clicks,  each  presented  at  30  dB  above  threshold.  The 
unit  on  the  left  is  typical  of  limited-field  units.  The  unit  on  the  right  represents  the  most  extreme 
case  of  receptive  field  Variation  due  to  sound  type.  (From  Knudsen  &  Konishi,  1978b). 

An  impressive  characteristic  of  these  auditory  receptive  fields  is  their  insensitivity  lo 
large  increments  in  sound  intensity  (Fig.  2a).  When  receptive  fields  plotted  at  30  dB 
above  threshold  were  compared  with  those  plotted  at  10  dB  above  threshold  for  87 
units,  48  %  changed  in  azimuth  by  only  2°  or  less,  34  %  expanded  by  3°  — 11°,  and 
18  %  actually  contracted  by  3°  — 18°.  Insensitivity  to  such  large  changes  in  sound 
intensity  cannot  be  explained  by  the  directionality  of  the  owl’s  ears  (Payne,  1971; 
Knudsen  &  Konishi,  1978b),  especially  in  those  cases  where  the  receptive  fields 
become  smaller  at  the  higher  sound  intensity.  Clearly  some  form  of  space-dependent 
neuronal  processing  must  occur  to  prevent  these  units  from  being  stimulated  by  sounds 
that  originäre  outside  their  receptive  fields. 

Another  important  property  of  these  units  is  that  their  receptive  fields  are  little 
affected  by  the  type  of  sound  used  for  mapping  (Fig.  2b).  Receptive  fields  mapped 
using  clicks  or  tone  bursts  at  characteristic  frequency  (CF,  the  frequency  to  which  a 
unit  responds  with  lowest  threshold)  exhibit  the  same  best  areas  and  approximate  fields 
boundaries  as  those  mapped  with  noise  bursts.  Thus  these  MLD  units  respond  to  a 
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fairly  wide  ränge  of  sounds  as  long  as  the  sound  source  is  located  inside  their  receptive 
fields. 


Spatiotopic  Organization  of  receptive  fields 

The  Impression  that  L-F  units  are  involved  in  spatial  analysis  of  sound  is  reinforced 
by  their  distribution  and  functional  Organization  in  MLD.  L-F  units  are  found  exclusi- 


0 


Figure  3.  The  representaiion  of  auditory  space  in  the  midbrain  nucleus  (MLD),  as  defined  by  the 
Center  of  unit  best-areas.  In  the  upper  left  the  Coordinates  of  auditory  space  are  depicted  as  a  dot- 
ted  globe  surrounding  the  owl.  Projected  onto  the  globe  are  the  best-areas  (solid-lined  rectangles) 
of  14  units  that  were  recorded  in  four  separate  penetrations.  The  large  numbers  backed  by  similar 
Symbols  represents  units  from  the  same  penetration;  the  numbers  themselves  signify  the  order  m 
which  the  units  were  encountered,  and  are  placed  at  the  centers  of  their  best-areas.  The  penetra¬ 
tions  were  made  with  the  electrode  oriented  parallel  to  the  transverse  plane  at  the  positions  mdi- 
cated  in  the  horizontal  section  by  the  solid  arrows.  Below  and  to  the  right  of  the  globe  are  illustra- 
ted  three  histological  sections  through  MLD  in  the  horizontal,  transverse,  and  sagittal  planes.  The 
stippled  portion  of  MLD  corresponds  to  the  space-mapped  region;  the  remammg  portion  is  the 
tonotopic  region.  Isoazimuth  contours,  based  on  best-area  centeis,  are  shown  as  solid  hnes  m  the 
horizontal  and  sagittal  sections;  isoelevation  contours  are  represented  by  dashed  hnes  m  the  trans¬ 
verse  and  sagittal  sections.  On  each  section  dashed  arrows  indicate  the  planes  of  the  other  two 
sections.  Solid,  crossed  arrows  to  the  lower  right  of  each  section  define  the  Orientation  of  the  sec¬ 
tion:  a,  anterior;  d,  dorsal;  1,  lateral;  m,  medial;  p,  posterior;  v,  ventral.  The  optic  tectum  (OT)  is 
labeled  on  each  section.  (From  Knudsen  &  Konishi,  1978a). 
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vely  along  the  lateral  and  anterior  margins  of  MLD  (Knudsen  &  Konishi,  1978a). 
Within  this  region  they  are  systematically  arranged  according  to  the  azimuths  and  ele- 
vations  of  their  best  areas  to  form  a  physiological  map  of  auditory  space  (Fig.  3).  This 
map  is  oriented  so  that  sound  azimuth  is  represented  in  the  horizontal  plane,  and  sound 
elevation  is  represented  in  the  transverse  plane  of  the  nucleus.  Thus  in  a  typical  elec- 
trode  Penetration,  made  dorsoventrally  and  in  the  transverse  plane,  the  best  areas  of 
sequential  units  shift  continuously  in  elevation  from  high  to  low,  while  changing  little 
in  azimuth. 

Most  of  the  map  is  devoted  to  contralateral  auditory  space  (Fig.  3).  Best  area  centers 
extend  in  azimuth  from  60°  contralateral  (60°)  represented  in  the  posterolateral  Cor¬ 
ner,  to  15°  ipsilateral  (15°)  represented  in  the  anteromedial  corner,  and  in  elevation 
from  20°  above  the  visual  axis  (-f  20°)  dorsally,  to  90°  below  the  visual  axis  ( —  90°) 
ventrally.  Notice  also  that  the  area  of  space  from  20°  to  0°  in  azimuth  and  from  —10° 
to  — 60°  in  elevation  is  represented  by  a  disproportionately  large  volume  of  tissue  in 
this  map. 

It  is  important  to  keep  in  mind  that  this  auditory  map  of  space  has  been  synthesized 
from  neuronal  inputs  that  are  not  intrinsically  spatially  organized.  Instead,  the  auditory 
System  must  derive  its  receptive  fields  and  sensory  map  from  the  patterns  of  auditory 
nerve  input  arriving  from  the  two  ears.  In  this  respect,  the  auditory  map  of  space  is  an 
emergent  property  of  central  Integration,  distinguishing  it  from  all  other  sensory  maps 
that  are  direct  projections  of  the  sensory  surface. 

Behavioral  implications 

Because  the  map  and  the  space-dependent  response  properties  of  L-F  units  must  be 
generated  through  neuronal  Integration,  it  seems  likely  that  this  specialized  region  of 
MLD  is  intimately  involved  in  the  analysis  of  spatial  aspects  of  auditory  signals.  Assum- 
ing  that  this  region  does  in  fact  participate  in  behavioral  sound  localization,  then  its 
functional  characteristics  and  limitations  should  be  manifest  in  the  localization  abilities 
of  the  owl.  For  example,  (i)  The  vertically  elongate  shape  of  the  receptive  fields  implies 
that  the  owl’s  elevational  acuity  is  poorer  than  its  azimuthal  acuity.  (ii)  The  map  of 
auditory  space  suggests  that  the  owl  can  localize  even  a  brief  sound  without  head 
movement.  This  prediction  contradicts  Payne’s  (1971)  theory  of  sound  localization,  in 
which  the  owl  supposedly  localizes  sound  by  turning  its  head  until  the  intensity  of  all 
frequencies  is  maximized  in  both  ears.  (iii)  The  emphasis  given  by  the  map  to  the  infe¬ 
rior-frontal  area  (±20°  in  azimuth  and  —10°  to  —60°  in  elevation)  predicts  that  the 
owl’s  angular  acuity  is  maximal  within  this  area  and  drops  off  rapidly  as  the  location  of 
the  sound  source  becomes  more  peripheral.  Behavioral  experiments  are  now  being  con- 
ducted  to  test  these  predictions. 
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Auditory  Midbrain  and  Forebrain  Units 
in  the  Guinea  Fowl  (Numida.  meleagris): 
Degrees  of  Specialization  for  Focal  Properties  of  Calls 


H.  Scheich 


Birds  communicate  to  a  great  extern  with  sound  patterns.  Most  remarkable  in  a  com- 
parative  survey  of  vocalizing  vertebrates  is  the  large  size  of  vocal  repertoires  of  many 
bird  species,  even  if  song  is  not  taken  into  account  (Marler,  1977).  The  Guinea  Fowl 
uses  some  twenty  call  types  which  convey  different  information  (Maier,  1977).  These 
calls  are  acoustically  complex.  Their  “building  blocks”  are  only  a  very  few  acoustic 
dimensions  which  are  modified  or  recombined  so  that  always  some  call  types  share  cer- 
tain  characteristics  besides  having  unique  features. 

I  AM  BUS 


KECKER 


I - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 


1  2  3  4  5  6  7  8  kHz 


Figure  1.  Power  spectra  of  a  lambus  and  of 
a  Kecker  call.  The  calls  are  Fourier-ana- 
lyzed  in  sections  of  15  ms  duration  with 
some  overlap.  The  time  runs  from  bottom 
to  top. 

Note  the  harmonic  spectrum  of  the  lambus 
with  inconsistent  sidebands.  The  Kecker 
call  (two  short  and  a  long  element  are 
shown  from  a  longer  series)  is  built  from 
higher  harmonics  of  about  300  Hz  which 
are  obscured  by  additional  noise. 


It  appears  interesting  to  determine  what  strategies  are  used  by  the  bird  auditory  Sys¬ 
tem  to  distinguish  and  recognize  calls  with  the  above  properties.  Most  significant  for 
pattem  recognition  seems  to  be  the  presence  of  prominent  auditory  midbrain  (MLD) 
and  forebrain  areas  (Auditory  Neostriatum)  in  birds  (Karten,  1967,  1968;  Bonke  & 
Scheich,  in  prep.). 
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There  is  recent  evidence  that  the  neostriatum  in  songbirds  (Leppelsack  &  Vogi, 
1976)  and  in  gallinaceous  birds  (Scheich,  1977)  harbours  at  least  10  %  neurons  which 
respond  in  a  highly  selective  fashion  to  calls  of  the  species.  The  conclusion  on  selectiv- 
ity  of  single  neurons  has  been  reached  by  comparing  the  responses  to  various  calls  of 
the  species. 

Neuronal  discrimination  may  be  trivial  if  calls,  responses  to  which  are  compared, 
have  no  or  little  spectral  content  in  common.  Discrimination  is  highly  interesting,  how- 
ever,  if  calls  are  distinguished  which  have  largely  common  frequency  bands. 

This  is  the  case  with  the  lambus  of  the  Guinea  Fowl,  a  hen  call,  which  facilitates 
cohesion  between  a  hen  and  her  mate  and  with  the  Kecker,  which  is  uttered  by  males 
and  females  upon  disturbances  in  the  environment  (Maier,  in  prep.).  The  lambus  con- 
sists  of  two  notes  (Fig.  1).  The  spectrum  typically  shows  lines  at  about  1  kHz  with 
strong  harmonics  and  with  inconsistent  sidebands  about  300  Hz  above  and  below  the 
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Figure  2.  Responses  of  seven  MLD  units  which  distinguish  quantitatively  (with  one  exception) 
between  Kecker  and  lambus.  The  Stimuli,  a  series  of  long  and  short  Kecker  pulses  and  three 
lambi,  were  repeated  20  times  and  are  shown  below.  Note  the  high  temporal  precision  of  bring 
(5  ms  binwidth  of  the  PSTH)  and  the  multiple  peaks  of  activity  during  the  presentation  of  the  call. 

Scale  divisions  on  the  Ordinate  indicate  50  spikes/bin. 
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Figure  3.  Responses  of  6  Field  L  units  to  the  presentation  of  16  natural  variations  of  the  lambus 
(lambus  1  and  lambus  2)  and  to  a  Potpourri  of  7  other  vocalizations  of  the  Guinea  Fowl  including 
Kecker  (lower  sound  track  2  and  3)  and  lambus  type  calls  (sound  track  5  and  6).  There  are  only 
responses  to  lambi  and  lambus  type  calls.  Most  units  respond  to  a  high  number  of  lambus  varia¬ 
tions. 


harmonics.  This  typical  combination  of  spectral  components  is  called  the  Focal  Prop¬ 
erty  of  the  lambus  (Scheich,  1977).  Kecker  calls  are  built  from  higher  harmonics  of 
about  300  Hz  with  more  or  less  additional  noise.  The  two  calls  have  a  number  of  har¬ 
monics  in  common.  The  energy  of  both  calls  is  concentrated  between  1  and  7  kHz. 
However,  the  dominant  frequencies,  i.e.  the  strongest  energy,  of  lambi  are  between  1 
and  2  kHz  and  those  of  Kecker  between  2  and  3  kHz. 

We  have  concentrated  our  analysis  in  the  auditory  midbrain  nucleus  (MLD)  and  in 
Field  L  of  the  neostriatum  on  neurons  which  distinguish  the  lambus  from  other  calls, 
partjcularly  from  Kecker  calls. 

More  than  90  %  MLD  neurons  which  responded  to  the  lambus  gave  also  responses 
to  Kecker.  Among  the  remaining  lambus-responsive  neurons  most  gave  weak 
responses  to  Kecker  (Fig.  2).  Thus,  there  was  a  quantitative  distinction.  Occasionally  a 
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neuron  did  not  respond  to  Kecker  (Fig.  2,  N  705)  but  was  excited  by  other  non-Iambus 
calls  of  the  species. 

The  low  Integration  level  of  MLD  units  is  also  shown  by  their  temporal  discharge 
pattem.  In  Fig.  2  most  units  give  multiple  bursts  of  activity  throughout  the  duration  of 
a  call  corresponding  to  short  spectral  or  temporal  events  (compare  the  discharge  pat- 
terns  of  Field  L  units  in  Figs.  2  and  3). 

The  frequency  tuning  of  lambus-responsive  Neurons  in  MLD  was  non-uniform. 
There  was  narrow  tuning  with  various  best  frequencies  corresponding  to  particular 
lines  in  the  lambus  spectrum.  Tuning  to  harmonic  combinations  of  frequencies,  as  they 
occur  in  lambus  and  Kecker  calls,  was  seen.  Since  the  two  calls  have  harmonics  in  com¬ 
mon  such  units  did  not  discriminate  between  them  (Scheich  et  ah,  1977). 

In  Field  L  10  %  of  the  lambus-responsive  neurons  gave  no  response  to  spectrally  dif¬ 
ferent  calls  (lambus-selective  neurons).  Thus  in  contrast  to  MLD  neurons  there  was  a 
qualitative  distinction  of  the  lambus  from  other  calls  (Fig.  3).  Neuronal  specialization 
was  corroborated  by  the  fact  that  lambus-selective  neurons  as  a  majority  gave 
responses  to  more  than  8  out  of  16  natural  variations  of  the  lambus  (Fig.  3,  lambus  1 
and  lambus  2).  The  tuning  analysis  showed  that  these  neurons  preferred  frequencies  or 
frequency  combinations  within  the  1  to  2  kHz  band  which  corresponds  to  the  domi¬ 
nant  frequencies  of  the  lambus.  A  high  sensitivity  was  seen  to  synthetic  spectra  which 
mimicked  the  Focal  Property  of  the  lambus  (see  above)  and  had  spectral  peaks  between 
1  and  2  kHz.  lambus-selective  and  -responsive  neurons  were  found  concentrated  in  a  1 
to  2  kHz  subarea  of  the  tonotopically  organized  Field  L  (Bonke  et  ah,  in  prep.). 

This  comparison  of  midbrain  and  forebrain  neurons  in  the  Guinea  Fowl  allows  the 
conclusion  that  auditory  pattem  recognition  is  primarily  a  function  of  neurons  at  the 
forebrain  level.  Forebrain  neurons  appear  to  recognize  the  lambus  because  of  their  sen- 
sitivy  for  the  characteristic  wide-band  spectrum  of  this  call  with  a  spectral  peak  which 
is  different  for  other  wide-band  calls  with  a  similar  spectrum. 
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Response  Selectivity  of  Auditory  Forebrain  Neurons  in  a  Songbird 

Hans  Joachim  Leppelsack 

The  probiert! 

A  Principal  function  within  the  avian  central  nervous  System  must  be  to  recognize 
biologically  significant  sounds  within  the  individual’s  acoustic  environment  and  initiate 
appropriate  behavioral  responses.  The  neural  analysis  of  biologically  significant  sounds 
necessitates  an  understanding  of  how  the  single  elements  within  various  levels  of  the 
auditory  pathway  respond  to  these  Stimuli.  The  afferent  avian  auditory  pathway 
extends  from  the  receptor  cells  in  the  inner  ear,  through  several  nuclei  located  in  the 
medulla,  mesencephalon,  diencephalon  and  at  least  as  far  as  the  field  L  in  the  telence- 
phalon  (Boord,  1969).  This  general  scheme  is  similar  to  the  ascending  auditory  path¬ 
way  of  both  reptiles  (Pritz,  1974)  and  mammals  (Merzenich  et  al.,  1977).  Contrasting 
models  for  information  processing  in  the  auditory  pathway  of  higher  vertebrates  (Bul- 
LOCK,  1977)  have  basically  considered  hierarchial  or  parallel  processing  concepts  to  be 
the  basis  for  central  nervous  auditory  analysis.  Irrespective  of  the  type  of  model 
favoured,  there  should  perhaps  be  some  systematic  development  of  information  pro¬ 
cessing  from  the  lower  to  higher  centers.  This  development  may  be  represented  by 
some  progressive  change  in  auditory  responses  by  single  neurons  within  the  auditory 
pathway.  Recordings  from  neurons  of  the  highest  centers,  for  example,  may  reflect  all 
of  the  analytical  processing  that  has  occurred  in  lower  centers  and  be  dose  to  the  final 
result  of  the  analysis.  By  adapting  this  idea  the  present  experiments  were  recorded  from 
single  neurons  in  the  Field  L.  This  is  the  highest  known  center  in  the  afferent  auditory 
pathway  of  birds  (Karten,  1968)  and  is  in  dose  anatomical  proximity  to  the  hyperstria- 
tum  ventrale  pars  caudale  (HVc),  an  important  center  of  the  descending  vocal  pathway 
of  birds  (Nottebohm  et  ab,  1976). 

It  is  possible  that  information  processing  within  higher  order  auditory  neurons  has 
developed  either  by  a  reduction  of  information  that  a  neuron  receives  about  a  particu- 
lar  Sound,  or  by  a  change  in  information  about  a  specific  sound  structure  to  which  a 
neuron  may  respond.  We  have  developed  research  methods  to  assess  whether  qualita¬ 
tive  or  quantitative  response  differences  emerge  in  the  auditory  pathway. 

The  research  strategy 

The  Overall  research  strategy  has  been  1)  to  initially  develop  a  quantitative  method 
for  measuring  the  response  selectivity  of  auditory  neurons  and  apply  this  method  to 
neurons  of  the  Field  L,  2)  to  apply  the  same  method  to  neurons  dose  to  the  input  of  the 
auditory  pathway  i.e.  the  cochlear  ganglion,  3)  to  compare  and  contrast  response  selec¬ 
tivity  at  both  these  centers.  Based  on  the  results  of  the  quantitative  method  it  is  then 
possible,  4)  to  describe  qualitatively  (modulation  analysis)  the  characteristic  response 
features  of  auditory  neurons  in  both  centers,  5)  to  compare  such  an  analysis  at  both 
centers  as  an  indication  of  the  analytic  strategy  in  the  auditory  System,  6)  to  compare 
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the  neuronal  response  limits  with  the  natural  variability  of  specific  sounds,  in  order  to 
establish  the  neural  “acuity”  of  sound  detection. 

Selectivity  of  Field  L  neurons 

Previous  studies  of  Field  L  neurons  in  the  awake  Starling  (Leppelsack  &  Vogt, 
1976;  Leppelsack,  1978)  have  demonstrated  a  very  high  selectivity  of  these  neurons  to 
acoustic  Stimuli.  In  these  studies  auditory  units  were  recorded  with  glass  micropipettes 
(3M  NaCl).  A  Stimulus  program  was  used  consisting  of  a  sequence  of  natural  sounds 
which  represent  the  typical  vocal  repertoire  of  the  Starling.  This  sequence  was  pre- 
sented  several  times  to  each  neuron  and  the  number  and  types  of  response  was  deter- 
mined.  Judgement  of  the  selectivity  of  a  neuron  to  the  natural  sounds  was  based  on  the 
ratio  between  the  number  of  sounds  evoked  a  response  and  the  total  number  of  sounds 
presented  in  the  program.  Similar  approaches  have  been  made  in  order  to  describe  the 
selectivity  of  neurons  within  the  auditory  cortex  of  the  squirrel  monkey  (Winter  & 
Funkenstein,  1973;  Newman  &  Wollberg,  1973). 


No  of  effective  sounds  (N  =  80) 

Figure  1.  Distribution  for  degree  of  selectivity  of  neurons  in  Field  L  (FL,  hatched  columns)  and  of 
ganglion  cochleare  (G.,  stippled  columns)  based  on  a  sequence  of  80  different  Starling  sounds. 

The  results  of  the  present  study  are  shown  in  Fig.  1.  The  hatched  columns  show  the 
selictivity  of  the  neuronal  population  of  Field  L.  It  can  be  seen  that  most  of  the  neurons 
respond  to  only  a  few  sounds,  in  fact  more  than  50  %  of  all  units  respond  to  less  than 
15  out  of  the  80  sounds  presented,  while  only  10  %  respond  to  40  or  more  different 
sounds.  There  are  several  neurons  that  respond  only  to  one  natural  sound  and  show  no 
responde  to  pure  tones  at  all.  Even  in  these  highly  selective  neurons  the  present  method 
of  analysis  does  not  allow  an  extensive  judgement  about  the  response  characteristics 
since  further  Stimulus  control  will  be  necessary  to  determine  the  limits  (e.g.  Stimulus 
modification).  Nor  do  we  have  any  evidence  that  these  highly  selective  neurons  have  a 
detector  function. 

Response  selectivity  at  different  levels  of  the  auditory  pathway 

Neurons  in  the  periphery  of  the  auditory  pathway  have  been  investigated  (cochlear 
ganglion)  in  the  anaesthetized  Starling  (Manley  &  Leppelsack,  1977;  Leppelsack  & 
Manley,  1978).  These  neurons  were  stimulated  with  the  Starling  vocalization  Stimulus 
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program  (as  above)  and  their  responses  were  analyzed  in  exactly  the  same  way  as  for 
Field  L  neurons.  The  results  of  these  experiments  are  shown  by  the  stippled  columns  in 
Fig.  1.  More  than  50  %  of  the  neurons  in  the  cochlear  ganglion  responded  to  31 — 45 
out  of  80  possible  sounds.  Thus  the  responses  of  ganglion  cells  appear  to  be  noticably 
less  selective  than  that  exhibited  by  Field  L  neurons.  The  higher  selectivity  of  forebrain 
neurons,  judged  on  this  basis,  would  seem  to  be  a  direct  result  of  central  nervous  Pro¬ 
cessing.  There  is  some  evidence  that  these  results  are  not  simply  due  to  anaesthesia. 

Approaches  to  the  mechanisms  of  selectivity"' 

Neurons  in  the  periphery  usually  appear  to  act  as  simple  frequency  filters,  according 
to  their  tuning  curve  (Leppelsack  &  Manley,  1978).  However  many  Field  L  neurons, 
especially  those  that  are  the  most  selective  and  perhaps  the  most  interesting  do  not 
respond  to  pure  tones.  Even  less  selective  neurons  of  the  Field  L  do  not  necessarily  have 
predictable  responses  to  natural  Stimuli  based  on  a  pure  tone  analysis.  Therefore,  to  test 
the  functional  properties  of  such  neurons  a  computer-aided  method  has  been  deve- 
loped,  the  modulation  analysis  (MA),  which  does  not  depend  upon  using  simple  sounds 
as  Stimuli  (Dörrscheidt,  1973,  1977,  1978).  The  MA  resolves  species-specific  sounds 
into  time  courses  of  amplitude  and  frequency  (see  Fig.  2).  The  frequency  evaluation  is 
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8-  kHz 


6- 


2- 


500  ms 


AMPLITUDE 


FREQUENCY  [kHz] 


i.  I  I  i 


Figure  2.  Contour  sonagram  and  modulation  analysis  (MA)  of  a  Starling  whistle  (data  set: 
SDOOO.Ol).  Compare  the  similarity  of  the  sonagram  and  the  frequency  course  evaluated  by  the 

MA  technique. 


based  solely  on  the  zero  crossings  contained  in  each  sound,  similar  to  Greenewalt 
(1968).  The  present  procedure,  however,  is  a  reversible  one,  enabling  frequence  and 
amplitude  data  to  be  used  to  reconstruct  the  original  sound.  An  important  point  is  that 
before  this  resynthesis,  modifications  can  be  made  to  each  set  of  data  independently. 
This  permits  extensive  latitude  in  Controlling  the  time  function  of  amplitude  and  fre¬ 
quency  for  any  given  sound  modification.  Possible  modifications  include  changes  in  the 
frequency  and  amplitude  ränge,  frequency  bandwidth  and  time  duration.  Such  modifi¬ 
cations  can  be  introduced  either  for  the  complete  sound  sequence  of  vocalizations  or  in 

The  following  experimencs  were  performed  in  Cooperation  wich  Dr.  G.  J.  Dörrscheidt  (Lehrstuhl  für  Allge¬ 
meine  Zoologie,  Ruhr-Universität  Bochum),  who  contributed  the  modulation  analysis  technique  and  impor¬ 
tant  ideas  concerning  che  Stimulation  strategy. 
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any  single  element.  Thus  the  response  characteristics  of  Field  L  neuron  have  been 
retested  as  follows.  Initially  the  natural  sounds  to  which  a  neuron  responds  are  deter- 
mined.  Then,  by  using  the  Computer  resynthesized  set  of  sounds,  in  which  the  time 
functions  of  frequency  or  amplitude  of  the  natural  sounds  have  been  systematically 
altered  the  neuron  is  retested.  The  characteristic  response  limits  for  individual  neurons 
were  defined  by  the  sounds  within  the  modified  Stimulus  ränge  to  which  there  was  no 
response.  Preliminary  results  obtained  through  the  use  of  this  method  are  based  on  an 
initial  sample  of  74  neurons. 

Effects  of  sound  modification  on  the  response  of  single  neurons 

The  following  examples  will  show  some  applications  of  the  sound  modification  tech- 
nique  in  Field  L  neurons.  In  this  paper  only  simple  operations  on  the  structure  of  one 
Starling  sound  are  performed.  The  alteration  of  frequency  produced  by  multiplying 
every  instantaneous  frequency  value  by  a  constant  factor  (0.8  or  1.2)  can  lead  to  pro- 
nounced  changes  in  the  response  pattem  of  a  single  neuron.  Besides  gradual  differ- 
ences  in  the  response  amplitude,  there  can  occur  changes  in  the  response  pattem,  for 
example  from  excitation  to  inhibition  and  from  on-excitation  to  off-excitation.  A 
change  of  Stimulus  amplitude  components  usually  does  not  cause  any  dramatic  effects. 

Profound  effects  on  discharge  properties  can  be  produced  by  changes  in  the  tem¬ 
poral  pattem  of  the  Stimulus.  The  simplest  change,  by  time  inversion  of  the  sound,  can 
influence  a  response  strongly  (see  Fig.  3).  Only  in  rare  cases  does  an  inversion  of  the 
neuronal  response  pattem  resemble  that  of  the  sound  pattem.  Such  a  response  pattem 
would  be  expected  in  neurons  which  behave  simply  as  frequency  filters  and  can  be 
anticipated  for  neurons  in  the  cochlear  ganglion  (Leppelsack  &  Manley,  1978).  Neu¬ 
ron  CA  25-4-6  in  Fig.  3  shows  this  rarely  observed  “frequency  filter”  behavior.  In  most 
of  the  other  neurons  studied  there  has  been  either  a  very  distinct  change  of  the 
response,  as  in  Dl- 12  (Fig.  3)  or  only  one  direction  of  time  course  causes  a  response. 
Curiously,  neuron  Dl-13  responds  only  to  the  unnatural  time  course. 

Another  effective  sound  modification  in  the  time  domain  can  be  a  change  in  sound 
duration.  Using  the  present  method  this  can  be  changed  without  altering  the  frequency 
course  of  the  sound.  This  procedure  especially  affects  neurons  that  respond  to  dynamic 
changes  within  the  sound  pattem,  i.e.  the  dynamic  changes  are  either  accelerated  or 


Figure  3.  Responses  (peri-stimulus  time  histograms,  PSTH)  of  three  different  Field  L  neurons  to 
the  original  sound  (lower)  and  a  time  inversion  modification  (upper).  Note  the  different  degree  of 

Stimulus  selectivity  in  the  responses  of  these  neurons. 
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Figure  4.  Responses  (PSTH)  of  three  different  Field  L  neurons  to  the  original  sound  (lower)  and 
a  modification  with  the  initial  section  removed  (upper).  Note  the  specificity  of  response  in  Neu¬ 
ron  D7  —  6. 

retarded.  The  dynamic  response  of  a  neuron  can  be  influenced  in  different  ways,  and 
normally  an  accelerated  rate  of  change  causes  a  stronger  response. 

The  importance  of  the  temporal  pattem  of  a  sound  can  also  be  demonstrated  by 
removing  sections  of  the  sound  and  comparing  the  neuronal  response  to  that  of  the  orig¬ 
inal.  In  Fig.  4  the  responses  of  three  neurons  are  shown.  The  Stimuli  consists  of  the  orig¬ 
inal  and  a  version  in  which  the  initial  section  is  removed.  The  neurons  CA  25-2-7  and 
D4-3  show  a  change  of  amplitude  (spikes/bin)  within  different  parts  of  their  response. 
Neuron  D7-6  does  not  respond  at  all  when  the  initial  section  of  the  sound  is  removed, 
but  afterwards  it  responds  again  to  the  original  sound.  Such  a  response  can  be  consid- 
ered  as  another  obvious  example  of  the  influence  of  acoustic  time  patterns  on  the 
responses  of  Field  L  neurons.  It  can  be  suggested  that  in  the  higher  centers  of  the  audi- 
tory  pathway  of  birds,  the  temporal  pattem  of  the  sound  probably  plays  an  important 
role. 


Analysis  of  neuronal  response  behavior 

Fig.  5  shows  the  responses  of  two  neurons,  each  of  which  was  stimulated  by  12  dif¬ 
ferent  sound  modifications  and  the  original  sound  (see  Fig.  2)  both  before  and  after  the 
modifications;  each  different  modification  is  described  in  the  caption  of  Fig.  5.  The 
neurons  shown  here  provide  examples  of  very  unselective  (Dl 2)  (Dl 2)  and  highly 
selective  (D9)  neurons  within  the  Field  L. 

Neuron  D12  responds  at  the  beginning  and  near  the  end  of  the  test  sound  with  pha- 
sic  excitation.  Both  responses  occur  during  parts  of  the  sound  Stimulus  in  which  ampli¬ 
tude  and  frequency  change  simultaneously.  The  neuron  responds  over  a  wide  ränge  of 
frequencies  (Fig.  5:  Dl 2,  No.  6,  7,  9),  but  the  shape  of  its  response  pattem  is  frequency 
dependent  (6,  7).  The  early  response  component  is  almost  totally  unaffected  when 
given  a  sound  Stimulus  of  constant  frequency  or  amplitude  over  its  entire  duration  (3, 
4).  Increasing  the  Stimulus  frequency  by  a  factor  1.2  (7),  deleting  the  initial  part  (9),  or 
linearizing  the  frequency  course  (8),  also  falls  to  affect  the  early  response.  Fiowever, 
the  early  response  is  changed  by  lowering  the  Stimulus  frequency  by  a  factor  of  0.8  or 
by  time  course  Inversion  (5).  Reducing  the  Stimulus  duration,  i.e.  by  shortening  the 
rise-time,  serves  to  reduce  the  early  response  as  well.  In  the  cases  of  time  contraction 
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(T/2)  there  is  a  minimal  response  and  also  at  T/3  the  response  is  smaller  than  the  origi¬ 
nal.  In  this  neuron  the  late  response  is  easier  to  affect  and  it  only  remains  unchanged  if 
the  initial  section  of  the  sound  Stimulus  is  removed  (9)  or  when  the  frequency  is  linear- 
ized  (8).  The  late  response  becomes  stronger  when  the  Stimulus  frequency  is  raised  by  a 
factor  of  1.2  (7)  and  the  response  pattem  is  altered  by  time  inversion  (5).  Furthermore, 
the  response  diminishes  or  even  disappears  when  the  middle  section  of  the  sound  has 
been  deleted  (10)  or  when  either  the  Stimulus  duration  has  been  reduced  (12,  13)  or  the 
Stimulus  frequency  is  lowered  by  a  factor  of  0.8  (6).  From  this  response  profile  and  the 
sound  Stimuli  characteristics  (Fig.  2)  it  can  be  concluded  that  this  particular  neuron 
(tested  at  an  sound  pressure  level  of  70  dB)  indicates  an  on-response  in  the  frequency 
ränge  of  1.5  — 4.0  kHz,  which  is  consistent  with  the  tuning  curve.  In  addition  this  neu¬ 
ron  prefers  a  slow  rise-time  and  will  respond  to  a  constant  frequency  below  3.0  kHz. 
With  a  constant  frequency  between  3.0  —  4.0  kHz  it  can  be  driven  by  a  combination  of 
rising  amplitude  and  falling  frequency.  Finally,  neuron  D9  only  responds  to  the  time 
inverted  version  of  the  original  sound  (Fig.  5:  D9  No.  5).  All  other  modifications, 
including  even  the  original  sound,  did  not  cause  the  neuron  to  respond.  The  character¬ 
istics  of  this  response  behavior  seem  to  indicate  that  the  neuron  responded  only  to  fast 
rising  frequency  modulation  in  a  ränge  below  3.0  kHz. 
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Figure  5.  Responses  of  two  Field  L  neurons  (Dl 2,  D9)  to  the  same  set  of  test  sounds  consisting  of 
two  Originals  (No.  1  and  14)  and  12  different  modifications.  Abbreviations;  O  =  original;  A  = 
amplitude;  F  =  frequency;  K  =  constant;  T  =  time;  inv.  =  inverted;  lin.  =  linearized;  - 
Start  =  initial  section  removed;  -  middle  =  middle  section  removed.  Amplitude  and  frequency 

time  course  as  defined  by  MA. 


Conclusions 

These  preliminary  results  indicate  examples  of  extremely  selective  auditory  neurons 
and  also  neurons  with  complex  but  inherently  unselective  responses.  Even  these  unse- 
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lective  neurons  show  distmct  differences  from  the  responses  of  peripheral  auditory 
neurons  in  the  cochlear  ganglion.  Thus  neither  a  strictly  hierarchical  or  strictly  parallel 
Processing  System  can  be  totally  supported  at  this  time.  It  is  feit  that  the  modulation 
analysis  method  described  here  will  be  an  extremely  useful  tool  in  delimiting  the 
response  criteria  for  selectivity  of  auditory  neurons.  This  may  be  particularly  applicable 
when  step-wise  modifications  of  species-specific  sounds  can  be  produced  during  the 
experiment.  These  additional  modifications  can  be  based  on  the  results  of  an  initial  test 
of  the  response  properties,  here  for  Field  L  neurons  in  the  bird.  Such  an  approach  is 
now  being  used  in  current  experiments. 
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The  Ecological  Background  for  the  Evolution  of  Vocal  Sounds 

Used  at  Close  Range 

Eugene  S.  Morton 
Introduction 

While  the  physical  structure  of  long  ränge  sounds,  e.g.  most  bird  song,  may  be 
influenced  directly  by  habitat  acoustics  (Chappuis,  1971;  Morton,  1975),  short  ränge 
sounds  are  only  indirectly  related  to  ecological  factors,  if  at  all  (Morton,  1977). 

This  paper  discusses  ecological  factors  and  social  factors  that  influence  the  physical 
structure/information  component  of  close  ränge  sounds.  The  direct  relationship  between  a 
sound’s  structure  and  its  Information  has  been  discussed  elsewhere  (Morton,  1977). 
Sound  structures  that  are  low  and  harsh  indicate  the  sender’s  aggressive  tendency;  sounds 
that  are  high  and  tonal  indicate  the  sender’s  fearful  or  appeasing  state.  These  sounds  form 
endpoints  of  a  contmuum.  The  endpomt  sounds  function  to  increase  or  decrease  the 
distance  between  sender  and  receiver(s)  during  agonistic  or  sexual  behavior  or  mteractions 
with  a  predator.  Sounds  Intermediate  to  these  endpoints  whose  frequencies  rise  or  become 
more  tonal  relate  to  the  sender’s  relatively  more  appeasing  or  fearful  state  whereas  sounds 
that  decrease  in  frequency  or  become  harsher  indicate  a  more  aggressive  state.  These 
sounds  function  in  a  wide  variety  of  social  encounters  but  often  cause  subtle  or  no  obvious 
reaction  in  receivers.  Sounds  with  a  rising  and  falling  frequency  indicate  somethmg  of 
interest  has  been  perceived.  These  often  function  as  alarm  notes  or  contact  notes  in  social 
species  and  may  be  used  m  intraspecific  agonistic  behavior  but  not  during  overt  aggression. 
The  central  assumption  here  is  that  sound  structure  is  not  arbitrary  m  relation  to  the 
Information  but  follows  the  code  as  outlined  above  and  explained  more  fully  in  Morton 
(1977).  Using  this  as  a  base,  we  will  try  to  show  how  ecology  and  social  Systems  work 
synergistically  during  the  evolution  of  close  ränge  sounds.  At  the  same  time,  we  will  focus 
in  on  both  these  ecological  factors  and  sociobiological  or  genetic  arguments  to  attempt  an 
explanation  of  communication  differences  and  similarities  within  a  New  World  genus  of 
passerines,  the  Thryothorus  wrens. 

Ecological  component 


General  Considerations 

In  tropical  passerines  there  is  a  close  relationship  among  matmg  System,  food,  and 
territorial  behavior.  Nearly  65%  of  Panama’s  lowland  passerine  species  are  monogamous, 
permanently  pairbonded,  and  permanently  territorial  (pers.  obs.).  All  of  these  primarily 
eat  insects,  a  resource  contained  within  areas  small  enough  to  be  defendible  and  available 
continually  in  tropical  latitudes. 

That  permanent  pair-bonds  and  territorial  defense  co-occur  as  the  predominant  system 
in  these  birds  argues  strongly  that  permanent  pair  bonds  will  be  favored  by  selection  if 
pairs  are  more  successful  than  individuals  in  defending  territories.  Because  being  successful 
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always  must  equate  to  breeding  success,  the  size  of  these  permanent  territories  must 
include  nest  sites  (quite  specific  in  many  tropical  species),  and  enough  food  to  feed  the 
adults  and  their  young.  This  combination  of  factors  suggests  why  female  participation  in 
territorial  defense  is  so  characteristic  of  tropical  passerines:  it  is  to  her  advantage  to  “help” 
the  male  maintain  a  territory  size  larger  than  he  could  defend  alone  since  this  leads  to  her 
increased  reproduction.  Duetting  by  the  bonded  pair  is  often  the  manifestation  of  the 
female’s  participation  in  territorial  defense  (Wickler  &  Seiet,  1977;  pers.  obs.). 

The  general  ecological  component  that  is  important  in  the  evolution  of  social  relations 
and  communication  to  the  majonty  of  the  world’s  passerines  is  a  dispersed,  cryptic,  food 
resource  whose  availability  is  best  predicted  by  habitat  strucmre  (see  also  Snow,  1971). 
Competition,  especially  intraspecific  competition,  has  overlaid  the  permanent  pair-bond 
onto  this  ecological  background.  But  a  detailed  look  at  related  species  that  share  this 
general  ecological  component  shows  extensive  Variation  in  sex  roles  and  communication 
that  are  difficult  to  explain  using  only  ecological  criteria. 

Thryoth  orus  Wrens 

Of  the  1 1  Thryothorus  wrens  found  in  Panama  we  will  focus  on  4  species  that  occur 
together  on  the  Canal  Zone’s  Pacific  slope.  Table  1  shows  some  qualitative  information 
about  their  ecological  divergence,  but  all  4  species  may  be  captured  in  a  single  mist  net 
placement.  All  feed  on  insects  from  2  to  50  mm  obtained  by  probing,  gleaning,  and  leaf 
tossing.  T.  leucotis  has  both  the  highest  numerical  density  and  most  restricted  habitat.  It 
favors  non-forested  brush  covered  with  vines,  generally  seasonally  flooded  areas  or  along 
river  edges.  The  other  3  species  co-occur  in  shrubby  undergrowth  of  seasonally  dry 
woods.  Only  T.  rufalbus  co-occur  with  T.  leucotis  on  the  Pacific  coast  but  it  is  often 
attacked  by  the  latter  and  even  responds  to  playbacks  of  the  different  T.  rufalbus  song.  In 
northern  Venezuela,  T.  leucotis  occurs  alone  in  gallery  forests,  perhaps  a  consequence  of 
this  interspecific  aggression. 


Social  component 

Using  playbacks  of  duet  songs,  natural  field  observations,  and  studies  of  caged  birds,  we 
have  obtained  the  data  in  Table  1.  The  species  are  arranged  from  left  to  right  in  Order  of 
increasing  female  participation  in  territorial  defense.  We  point  out  that  the  species-specific 
structure  of  the  duet  song  and  the  frequency  of  female  participation  in  duetting  correlates 
with  an  array  of  intra-pair  behaviors.  In  T.  leucotis  one  cannot  teil  the  female  and  male 
portions  of  the  songs  apart,  either  sex  may  initiate  a  duet,  they  always  sing  side-by-side, 
and  rarely  does  either  sing  alone.  They  also  forage  together  and  continually  allopreen  when 
resting.  In  decided  contrast,  T.  rufalbus  males  respond  alone  (>80%  of  observations, 
N  =  45)  to  a  playback  of  a  duet,  the  female’s  song  is  higher  pitched  than  the  male’s  and  is 
simultaneous  but  not  antiphonal  and  they  do  not  sing  side-by-side  often.  They  forage 
separately  and  engage  in  frequent  intrapair  aggression  with  the  male  dominant  and  they  do 
not  engage  in  allopreening. 

Thus  in  T.  leucotis  we  have  near  equality  in  territorial  defense,  care  of  young  (parental 
Investment),  and  size:  sex  roles  are  nearly  the  same.  In  T.  rufalbus  sex  roles  and  sizes  have 
diverged  with  males  taking  a  territorial  defense  bürden,  females  a  large  parental  Invest¬ 


ment. 
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Table  1:  A  comparison  of  behavioral  and  ecological  characteristics  of  Thryothorus  wrens. 


rufalbus 

fasciatoventris 

rutilus 

leucotis 

Social  behaviors 

allopreenlng 

none 

frequent 

frequent 

very 

frequent 

intrapair  aggression 

frequent 

none 

Territory  defense 

female  participation 

occasional 

occasional 

frequent 

obligate 

synchrony  of  duets 

simultaneous 

simultaneous 

loose 

tight 

overlay 

overlay 

antiphonal 

antiphonal 

Parental  care 

feeding  the  young 

only  9 

} 

not  beyond 
breeding  season 

both  9  &  CT 
2—3  months 

retention  of  young 

not  beyond 
breeding  season 

} 

after  breeding 
season 

Sexual  dimorphism 

color  dimorphism 

monomorphic 

monomorphic 

monomorphic 

monomorphic 

weight  cf-9 

28.8  23.7 

30.1  24.4 

18.0  16.5 

21.6  19.4 

%  size  dimorphism 

18.8% 

18.9% 

8.3% 

10.4% 

Foraging 

on  ground 
low  vine  tangles 

canopy  to 

subcanopy  vines 

preference 

low  vine  tangles 
to  ground 

underside  of 
canopy 

subcanopy  vines 

mates  forage  together? 

no 

no 

frequently 

always 

Abundance 

moderate 

low 

moderate 

high 

We  hypothesize  that  these  differences  are  driven  only  indirectly  by  ecological  differen- 
ces  that  operate  chiefly  through  differences  in  intraspecific  competition.  T.  ruf  albus  is  a 
Habitat  generalist  and  is  less  densely  spaced  when  compared  with  T.  leucotis.  In  T.  leucotis, 
this  high  density  has  selected  for  efficient  territorial  defense,  i.e.  Cooperation  between  the 
pair  members  to  the  point  that  they  have  become  one  40g  fighting  unit  rather  than  two 
birds  that  reflect  genetic  self-interest  through  divergence  in  their  roles.  This  ecological 
background  is  important  but  may  act  more  as  a  catalyst  to  produce  an  array  of  behaviors 
more  directly  related  to  intraspecific  competition.  It  is  significant  that  only  T.  leucotis 
characteristically  retain  fledged  young  until  the  food  scarcity  of  the  dry  season  begms  and 
that  these  young  participate  in  territorial  defense. 

The  role  of  ecology  in  the  evolution  of  close-range  vocal  sound  structure 

We  discussed  differences  in  duet  song  structure  that  correlate  with  an  array  of  social 
behaviors,  but  how  do  these  structures  relate  to  the  motivation-structural  rules  mentioned 
before  and  how  are  the  structures  and  their  function  related?  When  a  T.  leucotis  pair  detect 
an  intruder  the  birds  incorporate  high  tonal  seet  sounds  into  the  coordinated  duet.  These 
seets  precede  each  duet  and  are  also  used  outside  the  context  of  territorial  defense  as 
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appeasement.  In  contrast,  T.  rufalhus  pairs  do  not  mcorporate  appeasing  sounds  in  their 
duets  but  these  pairs  infrequently  join  together  for  territorial  defense.  This  comparison 
shows  the  adaptiveness  of  T.  leucotis  duets:  appeasing  close-range  sounds  and  loud 
antiphonal  long  calls  that  together  function  to  reduce  aggression  between  the  pair  members 
in  a  Situation  where  their  Cooperation  benefits  both. 

Another  dose  contact  call,  the  pi-seet  is  used  by  all  Thryothorus  species  so  far  studied  (8 
species)  and  by  Thryomanes  bewickii  but  by  no  others  (9  genera). 

The  call  s  structure  is  variable  in  pitch  and  in  the  emphasis  given  two  elements.  The  seet 
element  may  be  used  without  the  attention-getting  pi-  when  the  calling  bird  is  dose  to  the 
receiver.  In  all  species  studied  except  the  temperate  zone  T.  ludovicianus,  T.  leucotis,  and 
T.  rutilus  this  call  is  restricted  to  fledged  young  before  they  become  independent.  As  the 
motivation-structural  rule  predicts,  this  call  signifies  low  aggression  or  “friendliness”  and 
functions  to  permit  dose  contact.  In  the  two  tropical  species  that  retain  this  call  in  the 
adults,  frequent  mate  contact  in  foraging  is  characteristic.  In  T.  ludovicianus  females  duet 
only  during  fights  with  other  pairs,  not  in  long  call  (song)  territorial  maintenance 
(Morton  &  Shalter,  1977).  Since  their  duets  function  only  in  dose  contact  fights  (and 
are  therefore  not  adapted  for  long  distance  propagation)  the  female  uses  a  harsh,  rapidly 
repeated  series  of  short  notes.  But  pi-seets  are  used  by  both  male  and  female  T. 
ludovicianus  to  maintain  dose  association  that  is  a  prerequisite  for  efficient  joint  territorial 
defense. 

The  ecological  background  that  permits  high  populations  and  the  resultant  intraspecific 
Cooperation  that  selects  for  pair  Cooperation  in  territorial  defense  appears  to  have 
overcome  the  more  normal  conflict  of  genetic  interest  between  the  sexes  (Trivers,  1972). 


The  motivation-structural  rules  and  deceptive  communication 

We  believe  that  signal  structure  is  tightly  linked  to  motivation  as  the  result  of  the  ease 
that  sound  can  be  used  for  deceptive  purposes.  The  prevalent  interactional  approach  has 
emphasized  the  role  communication  has  in  producing  efficient  social  interactions  but  has 
led  away  from  consideration  of  the  disadvantage  of  vocal  communication  as  an  evolution- 
arily  stable  entity.  If  vocal  communication  could  be  easily  used  deceptively  such  that 
information  in  the  selfish  interest  of  the  sender  is  detrimental  to  the  receiver  if  it  is  attended 
to  and  used,  then  selection  would  not  favor  vocal  communication. 

Nonetheless,  vocalizations  that  are  deceptive  can  remain  in  the  vocal  repertoire  if  they 
function  to  produce  benefits  for  receivers.  An  example  might  be  the  chevron-shaped  chips 
used  hy  Parus  species.  A  functional  approach  States  that  these  serve  as  “contact”  notes  to 
keep  flock  members  together.  The  motivation  approach  says  that  the  information 
conveyed,  something  “of  interest”  has  been  perceived  by  the  sender,  benefits  the  sender  by 
slowing  down  the  flock’s  movement  or  causing  movement  toward  the  sound. 

The  ecological  component  in  the  evolution  of  close-range  sound  structures  can  be 
assessed:  if  resources  are  sufficiently  rieh  responding  to  chips  is  of  benefit  in  the  trade-off 
between  loss  of  foraging  time  and  the  benefits  to  being  a  flock  member  and  the  chip  will 
remain  to  appear  to  us  to  be  a  contact  note.  However,  if  we  only  study  a  sound’s  function 
we  will  never  be  able  to  assess  communication  in  terms  of  individual  selection  nor  to 
understand  why  so  many  sound  structures  are  used  in  many  different  contexts. 
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The  Effect  of  Sympatric  Relatives  on  the  Evolution  of  Song 

R.  Neil  Brown  and  R.  E.  Lemon 
Introduction 

A  great  deal  of  research  and  speculation  have  been  directed  towards  explaining  the 
diversity  and  complexity  of  acoustic  Signals  produced  by  birds.  There  are  many  deter- 
minants  of  song  form  in  any  particular  species  and  these  determinants  may  be  either 
selective  or  non-selective.  Non-selective  or  stochastic  influences  have  not  been  well 
studied,  but  the  existence  of  dialects,  Improvisation  in  song  development  of  young  birds, 
and  imprecision  in  the  copying  process  whereby  young  birds  learn  their  parents’  songs,  all 
argue  for  a  certain  stochastic  element  in  the  evolution  of  song  form. 

There  are  a  number  of  non-stochastic  determinants  of  song  form.  For  example,  some 
constramts  on  song  form  must  result  from  the  physical  dimensions  of  the  sound  producing 
apparatus  of  the  species  (Konishi,  1970;  Greenewalt,  1968).  Form  of  signals  is  also 
influenced  by  their  function.  For  example  the  distance  over  which  communication  is 
required  and  whether  or  not  the  sender  need  be  accurately  located  by  his  signal  may  affect 
Signal  form  (Marler,  1959;  Wiley,  1976). 

Physical  attributes  of  the  environment  are  also  important  in  the  evolution  of  species 
signals  and  may  be  either  physical  (structural)  or  acoustic  in  nature.  Physical  characteristics 
of  habitat  such  as  fohage  and  obstacles  have  been  shown  to  be  important  m  the  selection  of 
frequency  ranges  of  species  songs  (Ficken  &  Ficken,  1963;  Chappuis,  1971;  Jilka  & 
Leisler,  1974;  Morton,  1975). 

The  acoustic  environment  of  a  species  has  also  been  proposed  as  an  important 
determinant  of  song  structure.  In  particular,  the  presence  of  other  species  and  their 
acoustic  signals  may  affect  the  form  of  any  given  species  song  (Lack  &  Southern,  1942; 
Marler,  1960).  Instances  of  both  convergence  and  divergence  of  song  between  sympatric 
species  have  been  proposed. 

CoDY  (1969,  1974)  proposed  that  convergence  of  song  characteristics  might  occur 
between  closely  competing  species  in  Order  to  facilitate  interspecific  spacing  and  gave  a 
number  of  examples  of  such  convergence.  However,  Brown  (1977)  suggested  that 
important  evidence  was  lacking  in  many  of  the  proposed  cases  of  song. 

Two  allied  hypotheses  have  been  used  in  relation  to  divergence  between  songs  of 
sympatric  species.  These  are  “contrast  reinforcement”  and  “loss  of  contrast”.  The  contrast 
reinforcement  basically  States  that  “natural  selection  is  responsible  for  the  establishment  of 
isolating  barriers”  (Mayr,  1963:  548).  Thus,  when  newly-formed  species  come  into 
contact,  selection  against  hybridization  will  result  in  increasing  distinctiveness  of  isolating 
mechanisms  such  as  song.  Similarly,  one  might  expect  selection  against  similar  territorial 
defence  signals  where  two  newly-formed  species  had  evolved  ecological  differences. 

The  argument  underlying  loss  of  contrast  is  closely  related  to  that  of  contrast  reinforce¬ 
ment.  Löss  of  contrast  assumes  that  when  species  move  into  areas  where  the  sound 
environment  is  less  complex  (e.  g.  islands),  they  may  be  relieved  of  previous  selection  for 
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distinctiveness  and  may  evolve  songs  which  are  either  more  variable  or  more  like  their 
ancestral  songs.  Thielcke  (1969,  1973)  has  reviewed  the  literature  on  both  contrast 
reinforcement  and  loss  of  contrast  in  song  and  concluded  that  there  is  as  yet  no  solid 
evidence  for  either  of  them. 

In  this  paper  we  give  evidence  that  contrast  reinforcement  exists  between  songs  of 
species  of  Thryothorus  wrens.  We  discuss  the  nature  of  differences  between  sympatric 
species  of  Thryothorus  and  propose  that  “strategies”  of  smgmg  may  recur  m  allopatnc 
species. 


The  Genus  Thryothorus 

The  genus  Thryothorus  appears  to  be  an  excellent  group  in  which  to  study  the  evolution 
of  song  form,  and  particularly  the  mfluence  of  sympatric  relatives.  This  genus  of  wrens  is 
widespread  through  the  Neotropics,  has  achieved  considerable  species  diversity  (over  20 
species),  and  presents  a  considerable  array  of  allopatnc-sympatric  combinations.  Thryo¬ 
thorus  species  rely  heavily  on  acoustic  communication  due  to  the  nature  of  their 
habitat,  and  their  territorial  songs  are  reasonably  distinct  and  simple  in  comparison  with 
many  families  of  birds. 

Thryothorus  sinaloa  and  T.  felix 

Elsewhere  (Brown  &  Lemon  MS),  we  have  described  in  detail  the  song  characteristics 
of  Thryothorus  sinalou  and  T.  felix.  The  two  morphologically  similar  species  are  sympatric 
over  a  large  area  of  Western  Mexico.  We  found  a  number  of  strikmg  differences  between 
the  two  species  in  the  structure  of  song  units,  patterning  of  song  bouts,  and  in  duetting 
behavior.  The  extensive  nature  of  these  differences  appears  to  exceed  the  difference 
required  simply  for  species  recognition.  Species  recognition  could  conceivably  be  achieved 
through  a  small  number  of  parameters  with  low  intraspecies  variability. 

Elsewhere  (Brown  &  Lemon  MS)  we  discuss  the  use  of  measures  of  song  parameter 
variability  in  making  inferences  concerning  species  recognition  factors.  We  argue  that 
although  our  species  of  wrens  must  contend  in  an  evolutionary  sense  with  a  wide  ränge  of 
species  songs,  it  is  reasonable  to  assume  a  priori  that  there  is  more  potential  for  acoustic 
confusion  among  Thryothorus  species  than  between  a  Thryothorus  species  and  any  other 
sympatric  species.  Thus  in  looking  for  possible  effects  of  acoustic  environment  on  song 
form,  we  have  limited  our  study  to  members  of  the  same  genus. 

“Strategies”  of  singing 

As  a  follow-up  to  our  study  on  T.  sinaloa  and  T.  felix,  we  did  some  analysis  of  singing 
behavior  of  two  further  Thryothorus  species,  T.  pleurostictus  and  T.  maculipectus.  This 
work  brought  a  somewhat  surprising  result.  The  songs  of  T.  maculipectus,  a  more 
southerly  geographic  replacement  of  T.  felix  sounded  very  similai  to  songs  of  T.  felix, 
while  a  less  striking  similarity  was  also  noticed  between  the  songs  of  T.  pleurostictus  and 
T.  sinaloa  whose  ranges  are  also  more  or  less  contiguously  allopatric. 

A  duster  analysis  of  the  four  species  mentioned  along  with  a  fifth  species,  T.  ludovicia- 
nus  (allopatric  from  all  the  others),  confirmed  our  Impression  that  the  songs  of 
T.  maculipectus  and  T.  felix  were  similar,  as  were  those  of  T.  sinaloa  and  T.  pleurostictus. 
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We  based  the  duster  analysis  on  nineteen  different  parameters  of  song  including  five 
Counts,  five  temporal  measures  and  nine  frequency  parameters.  Cluster  analysis  was  done 
using  Ward’s  method  (error  sum  of  squares)  (Wishart  1975).  Greatest  differences  of 
song  were  found  between  sympatric  species  pairs,  as  predicted  by  the  contrast  reinforce¬ 
ment  hypothesis. 

Even  more  interesting  than  the  similarity  of  songs  of  geographic  replacements  were  the 
parallel  differences  in  other  features  of  singing  behaviour  which  we  noticed.  T.  felix  and 
T.  maculipectus,  with  their  short  songs  and  few  syllable  repetitions  in  songs,  both  sang 
highly  repetitive  song  bouts,  and  both  species  used  their  songs  in  male-female  duetting. 
T.  sinaloa  and  T.  pleurostictus  on  the  other  hand,  with  long  songs  and  many  syllable 
repetitions,  sing  bouts  of  high  immediate  variety,  and  do  not  sing  male-female  duets. 

These  findings  led  us  to  the  notion  that  song  “strategies”  might  occur  in  the  genus,  with 
certam  types  of  song  form  bemg  correlated  with  other  features  of  singing  behaviour.  Our 
grouping  of  characteristics  into  singing  “strategies”  has  analogies  in  the  practice  of 
grouping  characteristics  into  reproductive  strategies  or  life  history  strategies.  Extremes  in 
singing  strategies  are  represented  by  strategies  ‘A’  and  ‘B’  in  Table  1. 


Table  1:  Strategies  of  Singing  in  Thryothorus . 


Strategy  ’A' 

Strategy  B 

eq  felix 

eo  sinaloa 

Sonq  Form 

Song  Length 

Short 

Long 

Internal  Repetitions 

Few 

Many 

Syllable  Length 

Long 

Short 

Frequency 

High 

Low 

Syllable  Slope 

Low 

High 

Sonq  Bouts 

AAA  •BBB ••• 

ABC-  ABC  •• 

Duettina 

Present 

Absent 

Shown  are  extremes  in  singing  strategies  which  we  have  labelled  Strategies  A’  and  ‘B’.  These  extremes 
would  be  represented  by  species  such  as  7.  felix,  rutilus,  and  nigricapillus  for  Strategy  ‘A’  and 

7.  sinaloa,  rufalbus,  dind  pleurostictus  for  Strategy  ‘B’. 


In  elucidating  the  nature  of  song  strategies  we  looked  for  correlations  among  various 
song  parameters  within  the  group  of  ten  species  of  Thryothorus  we  examined.  We  found  a 
high  degree  of  correlation  between  a  number  of  parameters  of  song  form  in  the  genus, 
some  of  which  are  illustrated  in  Table  1.  Although  we  have  no  direct  evidence,  we  suspect 
that  some  correlations  of  song  form  parameters  are  simply  a  result  of  the  physiology  of 
sound  production.  Other  correlations  may  result  from  functional  considerations  of 
communication.  For  instance  it  is  generally  believed  that  both  variety  and  redundancy  are 
required  characteristics  in  a  communication  System  such  as  singing  in  birds.  Elsewhere 
(Brown  &  Lemon  MS),  we  speculate  that  these  ends  may  be  achieved  by  different  means 
in  7.  sinaloa  and  7.  felix. 
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Strategies  of  singing  may  also  be  somewhat  analogous  to  adaptive  complexes  of 
genetically  determined  characteristics,  and  may  arise  in  a  similar  manner,  despite  the  fact 
that  song  is  for  the  most  part  learned.  Düring  the  period  of  initial  contact  of  newly  formed 
species  with  close  relatives,  what  might  well  be  relatively  small  differences  in  song  will  tend 
to  be  emphasized  as  expected  by  contrast  reinforcement.  A  significant  change  in  only  one 
Parameter  (presumably  one  which  is  important  in  species  recognition)  may  lead  in  turn  to 
concomitant  changes  in  other  parameters  due  to  physiological  considerations  or  functional 
considerations  as  mentioned  above.  In  turn,  these  changes  in  basic  song  form  may  lead  to 
other  changes  in  singing  behaviour  including  the  patterning  of  bouts,  and  the  presence  or 
absence  of  duetting  behaviour.  The  net  result  is  a  difference  in  singing  behaviour  of 
sympatric  species  far  in  excess  of  what  one  might  expect  simply  for  species  recognition. 

Although  we  have  no  evidence  as  yet,  it  is  possible  that  the  direction  of  initial  changes  in 
song  of  newly  contacted  species  (and  thus  the  ultimate  song  strategy  of  the  species)  may  be 
correlated  with  ecological  differences  between  species.  Our  initial  study  of  T.  sinaloa  and 
T.  felix  showed  that  considerable  differences  existed  between  the  species  in  singing  and 
foraging  locations,  in  their  mode  of  foraging,  and  in  their  nesting  characteristics.  We  are 
unable  to  confirm  at  this  time  whether  or  not  species  sharing  similar  song  strategies  with 
either  of  these  species  also  share  certain  ecological  characteristics. 

Central  American  Thyothorus 

To  test  some  of  the  ideas  which  arose  out  of  our  work  with  Mexican  Thryothorus,  we 
have  begun  to  look  at  a  number  of  Central  American  Thryothorus  species.  Before 
travelling  to  Costa  Rica  to  begin  our  work  on  Central  American  species,  we  made  a 
number  of  predictions  concerning  singing  behaviour  in  the  group.  We  relate  a  few  of  our 
predictions  here  with  some  preliminary  results. 

Prediction  One:  Sympatric  species  should  consistently  show  divergence  in  their 
song  form  as  demonstrated  through  duster  analysis,  while  highly  similar  species 
should  be  allopatric. 

Using  songs  of  species  we  recorded  in  Costa  Rica  and  Mexico,  and  recordings  from  the 
Cornell  Library  of  Natural  Sounds  and  the  Florida  State  Museum,  we  performed  a  further 
duster  analysis  to  show  the  relationship  of  songs  of  the  four  Mexican  species  previously 
mentioned  plus  six  additional  species  of  Central  American  Thryothorus  (see  Figure  1). 
These  preliminary  results  are  somewhat  equivocal  possibly  due  to  deficiencies  in  the  data. 
For  example,  we  sometimes  had  to  use  species  from  several  localities  in  Order  to  get  an 
adequate  sample  size.  The  patterns  of  sympatry  among  the  species  are  also  difficult  to 
unravel  since  broad  overlap  does  not  necessarily  mean  local  sympatry  or  syntopy. 

What  is  clear  from  the  dendrogram  is  that  the  three  most  similar  species, /e/fx,  rutilus 
and  nigricapillus,  are  all  allopatric  from  one  another,  as  we  would  expect.  Somewhat 
surprising  is  the  fact  that  two  species,  rufalhus  and  pleurostictus,  both  in  the  group  with 
longer,  more  internally-repetitive  songs,  are  found  sympatrically.  The  exact  nature  of 
sympatry  between  these  two  species  is  not  known,  and  it  is  known  that  rufalhus  differs 
from  the  other  two  members  of  this  group  in  at  least  one  respect  (see  Prediction  Three). 
We  feel  that  clearer  evidence  of  contrast  reinforcement  can  be  obtained  by  a  community 
approach  in  recording  all  Thryothorus  species  present  at  a  number  of  localities  throughout 
Central  America. 
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Figure  1.  Song  Relationship  of  Ten  Species  of  Thryothorus .  Inset  shows  dendrogram  from  duster 
analysis  by  Ward’s  method  (error  sum  of  squares).  A  minimum  of  eight  different  song  types  for  each 
spedes  were  used  in  the  calculations.  Seventeen  variables  of  song  were  used  induding  five  counts,  five 

temporal  measures,  and  seven  frequency  characteristics. 


Prediction  Two:  The  correlations  of  song  parameters  within  the  Mexican  Thryo¬ 
thorus  examined  should  be  borne  out. 

If  our  idea  of  strategies  of  singing  are  valid  we  should  find  similar  trends  throughout  the 
genus.  The  results  of  the  cluster  analysis  do  indicate  a  fairly  clear  Separation  between  two 
types  of  song  form,  as  we  found  previously  in  the  Mexican  species  we  examined. 
T.  sinaloa,  rufalbus,  and  pleurostictus  are  clearly  very  different  from  all  other  species 
examined.  An  examination  of  song  parameter  correlation  in  the  ten  species  showed  that  the 
same  groupings  of  song  parameters  are  highly  correlated  as  those  we  found  in  our  previous 
work  on  the  Mexican  species. 

Prediction  Three:  Species  having  short  songs  with  few  repeated  syllables  should 
repeat  song  types  many  times  in  succession,  while  species  having  long  internally 
repetitive  songs  should  switch  song  types  frequently  within  singing  bouts. 

We  are  able  to  give  a  general  confirmation  of  this  prediction  in  that  eight  of  the  nine 
species  for  which  we  had  at  least  some  long  recorded  bouts  appeared  to  conform  to  the 
prediction  (species  1,  2,  3,  4,  5,  6,  7,  9  in  Figure  l).r.  rufalbus  did  not  appear  to  conform 
since  it  possesses  a  long  internally-repetitive  song  yet  gives  its  songs  in  repetitive  bouts.  We 
have  insufficient  recordings  of  T.  coraya  to  be  able  to  say  which  type  of  song  bout  it 
possesses. 
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Prediction  Four:  Duetting  behaviour  should  be  confined  to  those  species  with 
short  songs  and  few  syllable  repetitions. 

This  prediction  has  been  borne  out  so  far  in  that  none  of  species  8,  9,  or  10  has  been 
observed  to  du  et,  while  duetting  has  been  observed  in  species  1,  2,  3,  4,  and  7. 

Conclusion 

There  appear  to  be  strategies  of  singing  behaviour  in  the  genus  Thryothorus  which  are 
represented  by  two  somewhat  extreme  forms.  Strategies  of  singing  may  consist  of 
correlated  characteristics  of  song  form,  bout  patterning,  and  duetting  behaviour.  Our 
results  from  Mexico  suggest  a  tendency  for  sympatric  species  to  possess  very  different  song 
form  and  singing  strategies,  while  results  from  Central  America  only  suggest  that 
congeners  with  very  similar  song  form  have  allopatric  ranges. 
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